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Chapter 1

Hilbert space and linear operators

The purpose of this first chapter is to introduce (or recall) many standard definitions
related to the study of operators on a Hilbert space. Its content is mainly based on the
first two chapters of the book [Amr].

1.1 Hilbert space

Definition 1.1.1. A (complex) Hilbert space H is a vector space on C with a strictly
positive scalar product (or inner product) which is complete for the associated norm!
and which admits a countable orthonormal basis. The scalar product is denoted by (-, )
and the corresponding norm by || - ||.

In particular, note that for any f,g,h € ‘H and o € C the following properties hold:

(1) (f,9) =g, ),
(i) (f,g+ah) = (f,g) + a(f, h),
(iti) | fII* = (f, f) = 0, and || f|| = 0 if and only if f = 0.

Note that (g, f) means the complex conjugate of (g, f). Note also that the linearity
in the second argument in (ii) is a matter of convention, many authors define the
linearity in the first argument. In (iii) the norm of f is defined in terms of the scalar
product (f, f). We emphasize that the scalar product can also be defined in terms of
the norm of H, this is the content of the polarisation identity:

Aqfog)=If+ 9l = IIf —gll> =il f +igl* + il f —igl*. (1.1)

From now on, the symbol H will always denote a Hilbert space.

'Recall that # is said to be complete if any Cauchy sequence in A has a limit in . More precisely,
{fn}nen C H is a Cauchy sequence if for any ¢ > 0 there exists N € N such that ||f, — fm] < €
for any n,m > N. Then H is complete if for any such sequence there exists fo, € H such that
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Examples 1.1.2. (i) H = C¢ with (o, B) = Z?Zl a;B; for any a, B € C,
(11) H = l2(Z) with (a,b) = ngza_jbj for any a,b € l5(Z),

(i) H = L*(RY) with (f,g) fRd x)dx for any f,g € L*(RY).

Let us recall some useful inequalities: For any f, g € H one has

(Lol < IFIHlgll Schwarz inequality, (1.2)

If +gll < [IfI[+ gl triangle inequality, (1.3)

1f =+ glI* < 2|l 11" + 2]lgl*, (1.4)
A= llgll] < [1f = gl (1.5)

The proof of these inequalities is standard and is left as a free exercise, see also [Amr,
p. 3-4]. Let us also recall that f,g € H are said to be orthogonal if (f,g) = 0.

Definition 1.1.3. A sequence {f,}nen C H is strongly convergent to fo, € H if
lim,, oo || o — fool| = 0, or is weakly convergent to f., € H if for any g € H one has
lim, 00(g, fn — foo) = 0. One writes s—lim, o fr, = foo if the sequence is strongly
convergent, and w—lim,, .. f, = fso if the sequence is weakly convergent.

Clearly, a strongly convergent sequence is also weakly convergent. The converse is
not true.

Exercise 1.1.4. In the Hilbert space L*(R), exhibit a sequence which is weakly conver-
gent but not strongly convergent.

Lemma 1.1.5. Consider a sequence {f,}nen C H. One has
n—o00 n—00 n—00

Proof. Assume first that s— lim,,_,o f, = foo. By the Schwarz inequality one infers that
for any g € H:

|<gvfn_foo>‘§||fn_foo||”g”_>0 as n — oo,

which means that w—lim,,_, f, = fo. In addition, by (1.5) one also gets

[ fall = 1L focll] SN fa = fooll =0 as n— oo,
and thus lim, o || fn]] = || fool|-
For the reverse implication, observe first that
1fn = fooll* = ILfall?* + L fooll* = {fous foo) = {foos fu)- (1.6)
If w—lim, oo fn = foo and lim, o ||fall = ||fll, then the right-hand side of (1.6)

converges t0 || fooll? + | fooll* = || fooll* = || fool|?> = 0, so that s—lim, o fr = foo- |
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Let us also note that if s—lim,, , fr = foo and s—1lim,, . g, = goo then one has
7}1_>I£lo<fn> gn> = <fooa goo>

by a simple application of the Schwarz inequality.

Exercise 1.1.6. Let {e, }nen be an orthonormal basis of an infinite dimensional Hilbert
space. Show that w—lim,, . e, = 0, but that s— lim,,_, €, does not exist.

Exercise 1.1.7. Show that the limit of a strong or a weak Cauchy sequence is unique.
Show also that such a sequence is bounded, i.e. if { fn }nen denotes this Cauchy sequence,
then sup,,cy || foll < oo.

For the weak Cauchy sequence, the boundedness can be obtained from the follow-
ing quite general result which will be useful later on. Its proof can be found in [Kat,
Thm. 111.1.29]. In the statement, A is simply a set.

Theorem 1.1.8 (Uniform boundedness principle). Let {¢x}ren be a family of contin-
uous maps® @y : H — [0,00) satisfying

ox(f +9) < ox(f) +ealg) Vi, g€ H.

If the set {ox(f)}rea C [0,00) is bounded for any fized f € H, then the family {©x}rea
is uniformly bounded, i.e. there exists ¢ > 0 such that sup, ox(f) < ¢ for any f € H
with || f]] = 1.

In the next definition, we introduce the notion of subspace of a Hilbert space.

Definition 1.1.9. A subspace M of a Hilbert space H is a linear subset of H, or more
precisely Vf,g € M and a € C one has f + ag € M. The subspace M 1is closed if any
Cauchy sequence in M converges strongly in M.

Note that if M is closed, then M is a Hilbert space in itself, with the scalar product
and norm inherited from H.

Examples 1.1.10. (i) If fi,..., fn € H, then Span(fi,..., f,) is the closed vector
space generated by the linear combinations of fi,... fn. Span(fi,..., fn) is a closed
subspace.

(i1) If M is a subset of H, then
M= {f e H|(f g)=0,Vg € M} (1.7)
15 a closed subspace of H.

Exercise 1.1.11. Check that in the above example the set M* is a closed subspace of
H.

2y is continuous if @ (fn) — ©a(fo) Whenever s—lim,, oo frn = foo-
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Exercise 1.1.12. Check that a subspace M C H is dense in H if and only if M+ = {0}.

If M is a subset of H the closed subspace M+ is called the orthocomplement of M
in H. The following result is important in the setting of Hilbert spaces. Its proof is not
complicated but a little bit lengthy, we thus refer to [Amr, Prop. 1.7].

Proposition 1.1.13 (Projection Theorem). Let M be a closed subspace of a Hilbert
space H. Then, for any f € H there exist a unique fi € M and a unique fo € M=+
such that f = fi1 + fo.

Let us close this section with the so-called Riesz Lemma. For that purpose, recall
first that the dual H* of the Hilbert space H consists in the set of all bounded linear
functionals on H, i.e. H* consists in all mappings ¢ : H — C satisfying for any f,g € H
and a € C

(i) o(f +ag) = o(f) + ap(g), (linearity)
(i) le(N)] < el £l (boundedness)

where ¢ is a constant independent of f. One then sets

ol = sup U,
otrer |/

Clearly, if ¢ € H, then g defines an element ¢, of H* by setting ¢,(f) = (g, f)-
Indeed ¢, is linear and one has

1 1
l@gll2e = sup ml@hf)! < sup = lglHILAF = llgll

04 feH oxfer |1 f]l

In fact, note that ||¢y|l2+ = ||g|| since @gpg(g) = ﬁHgH2 = |lgll-
The following statement shows that any element ¢ € H* can be obtained from an
element g € H. It corresponds thus to a converse of the previous construction.

Lemma 1.1.14 (Riesz Lemma). For any ¢ € H*, there exists a unique g € H such
that for any f € H

w(f) = (9, ]).
In addition, g satisfies ||¢|ln = ||g]|-

Since the proof is quite standard, we only sketch it and leave the details to the
reader, see also [Amr, Prop. 1.8].

Sketch of the proof. 1f ¢ = 0, then one can set g := 0 and observe trivially that ¢ = ,.

If ¢ # 0, let us first define M = {f € H | p(f) = 0} and observe that M is a
closed subspace of H. One also observes that M # H since otherwise ¢ = 0. Thus, let
h € H such that ¢(h) # 0 and decompose h = h; + hy with h; € M and hy € M+ by
Proposition 1.1.13. One infers then that ¢(hg) = ¢(h) # 0.
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For arbitrary f € H one can consider the element f — %hg € H and observe that
cp(f — ) hg) = 0. One deduces that f — 2 p, belongs to M, and since hy € M+

o w(h2) o(h2)
one infers that (hy)
Y2
|22
One can thus set g := iﬂg:ﬁg hy € H and easily obtain the remaining parts of the state-

ment. O
As a consequence of the previous statement, one often identifies H* with H itself.

Exercise 1.1.15. Check that this identification is not linear but anti-linear.

1.2 Bounded linear operators

First of all, let us recall that a linear map B between two complex vector spaces M
and N satisfies B(f + ag) = Bf + aBg for all f,g € M and a € C.

Definition 1.2.1. A map B : H — H is a bounded linear operator if B : H — H is a
linear map, and if there exists ¢ > 0 such that ||Bf|| < c||f|| for all f € H. The set of
all bounded linear operators on H is denoted by HB(H).

For any B € #(H), one sets

Bl = int{e > 0| |Bf| < cllf]| Vf € H}
L B
= p

S AT (18)

and call it the norm of B. Note that the same notation is used for the norm of an
element of H and for the norm of an element of %(H), but this does not lead to any
confusion. Let us also introduce the range of an operator B € Z(H), namely

Ran(B) := BH ={f € H | f = By for some g € H}. (1.9)
This notion will be important when the inverse of an operator will be discussed.

Exercise 1.2.2. Let My, My be two dense subspaces of H, and let B € B(H). Show
that
151l = sup (f, Bg)l. (1.10)
feMigeMs with | fll=[lgl=1

Exercise 1.2.3. Show that 8(H) is a complete normed algebra and that the inequality
IAB[| < [[Al ]I B]] (1.11)

holds for any A, B € B(H).
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An additional structure can be added to Z(#): an involution. More precisely, for
any B € #(H) and any f, g € H one sets

(B*f.g) = ([, Bg). (1.12)
Exercise 1.2.4. For any B € B(H) show that
(i) B* is uniquely defined by (1.12) and satisfies B* € B(H) with |B*|| = || B||,
(i) (B*) = B,
(iii) | B*B|| = [|B]|*,
(iv) If A € B(H), then (AB)* = B*A*.

The operator B* is called the adjoint of B, and the proof the unicity in (i) involves
the Riesz Lemma. A complete normed algebra endowed with an involution for which
the property (iii) holds is called a C*-algebra. In particular Z(H) is a C*-algebra. Such
algebras have a well-developed and deep theory, see for example [Mur|. However, we
shall not go further in this direction in this course.

We have already considered two distinct topologies on H, namely the strong and the
weak topology. On A(H) there exist several topologies, for the time being we consider
only three of them.

Definition 1.2.5. A sequence {B,}nen C AB(H) is uniformly convergent to B, €
PB(H) if limy, o0 [|Br — Bol| = 0, is strongly convergent to B., € B(H) if for any
f € H one has lim,_, || Bnf — Beof|| = 0, or is weakly convergent to B., € HB(H)
if for any f,g € H one has lim, o (f, Bng — Bsg) = 0. In these cases, one writes
respectively u — lim,, .o B, = By, s — lim,_,o B, = By and w — lim,,_,, B,, = B

Clearly, uniform convergence implies strong convergence, and strong convergence
implies weak convergence. The reverse statements are not true. Note that if { B, }nen C
PB(H) is weakly convergent, then the sequence { B} },cn of its adjoint operators is also
weakly convergent. However, the same statement does not hold for a strongly convergent
sequence. Finally, we shall not prove but often use that %(H ) is also weakly and strongly
closed. In other words, any weakly (or strongly) Cauchy sequence in Z(H) converges

in B(H).

Exercise 1.2.6. Let {A, }nen C B(H) and {Bp}nen C B(H) be two strongly conver-
gent sequence in B(H), with limits As and Be respectively. Show that the sequence
{A,; B, }nen is strongly convergent to the element Ao Byo.

Let us close this section with some information about the inverse of a bounded
operator.
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Definition 1.2.7. An operator B € Z(H) is invertible if the equation Bf = 0 only
admits the solution f = 0. In such a case, there exists a linear map B~' : Ran(B) — H
which satisfies B~*Bf = f for any f € H, and BB~'g = g for any g € Ran(B). If B is
invertible and Ran(B) = H, then B™* € B(H) and B is said to be invertible in B(H)
(or boundedly invertible ).

Note that the two conditions B invertible and Ran(B) = H imply B! € Z(H) is
a consequence of the Closed graph Theorem?®. In the sequel, we shall use the notation
1 € B(H) for the operator defined on any f € H by 1f = f, and 0 € Z(H) for the
operator defined by 0f = 0.

The next statement is very useful in applications, and holds in a much more general
context. Its proof is classical and can be found in every textbook.

Lemma 1.2.8 (Neumann series). If B € #(H) and | B|| < 1, then the operator (1— B)
is invertible in B(H), with

(1 _B)_l :ZBda
n=0
and with ||(1 — B)7Y|| < (1 — ||B|)~". The series converges in the uniform norm of

Note that we have used the identity B = 1.

1.3 Special classes of bounded linear operators

In this section we provide some information on some subsets of Z(H). We start with
some operators which will play an important role in the sequel.

Definition 1.3.1. An operator B € B(H) is called self-adjoint if B* = B, or equiva-
lently if for any f,g € H one has

(f,Bg) = (Bf,9)- (1.13)

For these operators the computation of their norm can be simplified (see also Ex-
ercise 1.2.2) :

Exercise 1.3.2. If B € #(H) is self-adjoint and if M is a dense subspace in H, show
that

Bl = sup [{f,Bf)]. (1.14)
FeEM, [Ifl=1
A special set of self-adjoint operators is provided by the set of orthogonal projec-
tions:

3Closed graph theorem: If (B,H) is a closed operator (see further on for this definition), then
B € #(H), see for example [Kat, Sec. IT1.5.4]. This can be studied as an Extension.
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Definition 1.3.3. An element P € %B(H) is a projection if P = P2. This projection
1s orthogonal if in addition P = P*. The set of all orthogonal projections is denoted by

It not difficult to check that there is a one-to-one correspondence between the set
of closed subspaces of H and the set of orthogonal projections in #(H). Indeed, any
orthogonal projection P defines a closed subspace M := PH. Conversely by taking
the projection Theorem (Proposition 1.1.13) into account one infers that for any closed
subspace M one can define an orthogonal projection P with PH = M.

We gather in the next exercise some easy relations between orthogonal projections
and the underlying closed subspaces. For that purpose we use the notation Pp, Py for
the orthogonal projections on the closed subspaces M and N of H.

Exercise 1.3.4. Show the following relations:

(i) If PvPy = PynPu, then Py Py is an orthogonal projection and the associated
closed subspace is M NN,

(it) If M C N, then Py Py = Py Py = P,
(iii) If MLN, then Py Py = Py Py =0, and Pyan = Py + Py,
(iv) If Py Py =0, then MLN.
Note that the operators introduced so far are special instances of normal operators:
Definition 1.3.5. An operator B € 2(H) is normal if the equality BB* = B*B holds.

Clearly, bounded self-adjoint operators are normal. Other examples of normal op-
erators are unitary operators, as considered now. In fact, we introduce not only unitary
operators, but also isometries and partial isometries. For that purpose, we recall that
1 denotes the identify operator in B(H).

Definition 1.3.6. An element U € Z(H) is a unitary operator if UU* = 1 and if
UU=1

Note that if U is unitary, then U is invertible in (H) with U~! = U*. Indeed,
observe first that U f = 0 implies f = U*(U f) = U*0 = 0. Secondly, for any g € H, one
has g = U(U*g), and thus Ran(U) = H. Finally, the equality U~! = U* follows from
the unicity of the inverse.

More generally, an element V' € B(H) is called an isometry if the equality

ViV =1 (1.15)

holds. Clearly, a unitary operator is an instance of an isometry. For isometries the
following properties can easily be obtained.

Proposition 1.3.7. a) Let V € B(H) be an isometry. Then
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(i) V preserves the scalar product, namely (V f,Vg) = (f,g) for any f,g € H,
(i) V preserves the norm, namely ||V f|| = ||f|| for any f € H,
(111) If H # {0} then ||V| =1,
(iv) VV* is the orthogonal projection on Ran(V'),
(v) V is invertible (in the sense of Definition 1.2.7),
(vi) The adjoint V* satisfies V*f =V =Lf if f € Ran(V), and V*g =0 if gL Ran(V).
b) An element W € B(H) is an isometry if and only if [|W f|| = || f|| for all f € H.

Exercise 1.3.8. Provide a proof for the previous proposition (as well as the proof of
the next proposition).

More generally one defines a partial isometry as an element W € %B(H) such that
W*W =P (1.16)

with P an orthogonal projection. Again, unitary operators or isometries are special
examples of partial isometries.
As before the following properties of partial isometries can be easily proved.

Proposition 1.3.9. Let W € B(H) be a partial isometry as defined in (1.16). Then
(1) One has WP =W and (W f,Wg) = (Pf, Pg) for any f,g € H,
(ii) If P # 0 then [|[W| =1,

(111) WW* is the orthogonal projection on Ran(W).

For a partial isometry W one usually calls initial set projection the orthogonal
projection defined by W*W and by final set projection the orthogonal projection defined
by WW*.

Let us now introduce a last subset of bounded operators, namely the ideal of compact

operators. For that purpose, consider first any family {g;, h; }jvzl C H and for any f € H
one sets

Af = g, [)hy. (1.17)

Then A € B(H), and Ran(A) C Span(hy, ..., hy). Such an operator A is called a finite
rank operator. In fact, any operator B € Z(H) with dim ( Ran(B)) < o0 is a finite rank
operator.

Exercise 1.3.10. For the operator A defined in (1.17), give an upper estimate for || Al
and compute A*.
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Definition 1.3.11. An element B € %(H) is a compact operator if there exists a
family { A, }nen of finite rank operators such that lim,, . || B — A,|| = 0. The set of all
compact operators is denoted by JH (H).

The following proposition contains sone basic properties of J# (#). Its proof can be
obtained by playing with families of finite rank operators.

Proposition 1.3.12. The following properties hold:
(i) Be X (H) < B* € ¥ (H),
(it) A (H) is a *-algebra, complete for the norm || - ||,
(111) If B € #(H) and A € B(H), then AB and BA belong to # (H).

As a consequence, £ (H) is a C*-algebra and an ideal of Z(H). In fact, compact
operators have the nice property of improving some convergences, as shown in the next
statement.

Proposition 1.3.13. Let K € ¢ (H).

(1) If {futnen C H is a weakly convergent sequence with limit fo € H, then the
sequence { K f, }nen strongly converges to K fo,

(11) If the sequence {By}nen C B(H) strongly converges to Bo, € B(H), then the
sequences { B, K }pen and {K B! },en converge in norm to B K and KBX, re-
spectively.

Proof. a) Let us first set ¢, := f, — fs and observe that w—lim, .., ¢, = 0. By an
application of the uniform boundedness principle, see Theorem 1.1.8, it follows that
{ll¢nll}nen is bounded, i.e. there exists M > 0 such that ||¢,| < M for any n € N.
Since K is compact, for any € > 0 there exists a finite rank operator A of the form
given in (1.17) such that || — Al| < 557. Then one has

N
1K @all < 1 = A)pull + 1 Acall < 5 + 3 Kass 0adl 151
j=1

Since w— lim,,_,o ¢, = 0 there exists no € N such that [(g;, v,)| [|h;]| < 5% for any
j€{l,...,N} and all n > ny. As a consequence, one infers that ||[K¢,| < ¢ for all
n > ng, or in other words s— lim,, ,, K, = 0.

b) Let us set C,, := B,, — By such that s— lim,,_,,, C;, = 0. As before, there exists
M > 0 such that ||C,]] < M for any n € N. For any ¢ > 0 consider a finite rank

operator A of the form (1.17) such that [/ — A|| < 55;. Then observe that for any
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feH
[CEKfI| < M|[(K = A)fI| + [[CRAS]

N
< MIIK = AJFI+ D K HHICahy|

j=1
N

< { MK = Al + 3 gl Ik 1A
j=1

Since C), strongly converges to 0 one can then choose ny € Nsuch that ||g;|| ||Crh;|| < 5%
for any j € {1,... N} and all n > ng. One then infers that |C, K || < e for any n > ny,
which means that the sequence {C, K} ey uniformly converges to 0. The statement
about { K B’ },en can be proved analogously by taking the equality ||[KB: — KB || =
| B, K* — Boo K*|| into account and by remembering that K* is compact as well. O

Exercise 1.3.14. Check that an orthogonal projection P is a compact operator if and
only if PH is of finite dimension.

There are various subalgebras of J# (H), for example the algebra of Hilbert-Schmidt
operators, the algebra of trace class operators, and more generally the Schatten classes.
Note that these algebras are not closed with respect to the norm ||-|| but with respect to
some stronger norms |||-||. These algebras are ideals in Z(H). In the following chapter
these subalgebras will be extensively studied.

1.4 Unbounded, closed, and self-adjoint operators

Even if unbounded operators will not play an important role in the sequel, they might
appear from time to time. For that reason, we gather in this section a couple of im-
portant definitions related to them. Obviously, the following definitions and results are
also valid for bounded linear operators.

Definition 1.4.1. A linear operator on # is a pair (A, D(A)), where D(A) is a subspace
of H and A is a linear map from D(A) to H. D(A) is called the domain of A. One says
that the operator (A, D(A)) is densely defined if D(A) is dense in H.

Note that one often just says the linear operator A, but that its domain D(A) is
implicitly taken into account. For such an operator, its range Ran(A) is defined by

Ran(A) := AD(A) = {f e H | f = Ag for some g € D(A)}.
In addition, one defines the kernel Ker(A) of A by
Ker(A) :={f € D(A) | Af = 0}.

Let us also stress that the sum A + B for two linear operators is a priori only
defined on the subspace D(A)ND(B), and that the product AB is a priori defined only
on the subspace {f € D(B) | Bf € D(A)}. These two sets can be very small.
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Example 1.4.2. Let H := L*(R) and consider the operator X defined by [X f](z) =
zf(z) for any x € R. Clearly, D(X) = {f € H | [ |ef(x)]*dz < 0o} C H. In addition,
by considering the family of functions {f,}yer C D(X) with f,(x) =1 inx € [y,y+ 1]
and f,(v) = 0 if v & [y,y+1], one easily observes that || f,|| = 1 but sup g || X f,[| = oo,
which can be compared with (1.8).

Clearly, a linear operator A can be defined on several domains. For example the
operator X of the previous example is well-defined on the Schwartz space S(R), or on
the set C.(R) of continuous functions on R with compact support, or on the space D(X)
mentioned in the previous example. More generally, one has:

Definition 1.4.3. For any pair of linear operators (A, D(A)) and (B, D(B)) satisfying
D(A) C D(B) and Af = Bf for all f € D(A), one says that (B, D(B)) is an extension
of (A,D(A)) to D(B), or that (A,D(A)) is the restriction of (B,D(B)) to D(A).

Let us now note that if (4, D(A)) is densely defined and if there exists ¢ € R such
that ||Af]] < ¢|f|| for all f € D(A), then there exists a natural continuous extension
A of A with D(A) = H. This extension satisfies A € %(H) with ||A]| < ¢, and is called
the closure of the operator A.

Exercise 1.4.4. Work on the details of this extension.

Let us now consider a similar construction but in the absence of a constant ¢ € R
such that ||Af|| < ¢||f|| for all f € D(A). More precisely, consider an arbitrary densely
defined operator (A, D(A)). Then for any f € H there exists a sequence { f, }nen C D(A)
strongly converging to f. Note that the sequence {Af,},en will not be Cauchy in
general. However, let us assume that this sequence is strongly Cauchy, ¢.e. for any
e > 0 there exists N € N such that ||Af, — Afn|| < € for any n,m > N. Since H is
complete, this Cauchy sequence has a limit, which we denote by h, and it would then
be natural to set Af = h. In short, one would have Af := s—lim,_,o Af,. It is easily
observed that this definition is meaningful if and only if by choosing a different sequence
{f }nen C D(A) strongly convergent to f and also defining a Cauchy sequence { Af/ },en
then s— lim,,_,o0 Af’ = s— lim,_o Af,. If this condition holds, then Af is well-defined.
Observe in addition that the previous equality can by rewritten as s— lim, ., A(f, —
f1) =0, which leads naturally to the following definition.

Definition 1.4.5. A linear operator (A, D(A)) is closable if for any sequence { fn}nen
in D(A) satisfying s—lim, o fn, = 0 and such that {Af,}nen is strongly Cauchy, then

As shown before this definition, in such a case one can define an extension A of
A with D(A) given by the sets of f € H such that there exists {f, }nen C D(A) with
s—lim, . f, = f and such that {Af, },en is strongly Cauchy. For such an element f
one sets Af = s—lim,_,o, Af,, and the extension (Z, D(Z)) is called the closure of A.

In relation with the previous construction the following definition is now natural:
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Definition 1.4.6. An linear operator (A, D(A)) is closed if for any sequence { f,, }nen C
D(A) with s—lim,, ., fn = f € H and such that {Af, }nen is strongly Cauchy, then one
has f € D(A) and s—lim,_,,, Af, = Af.

Let us now come back to the notion of the adjoint of an operator. This concept is
slightly more subtle for unbounded operators than in the bounded case.

Definition 1.4.7. Let (A, D(A)) be a densely defined linear operator on H. The adjoint
A* of A is the operator defined by

D(A*) :={f eH|3f €H with (f*,g) = (f, Ag) for all g € D(A)}
and A*f := f* for all f € D(A").

Let us note that the density of D(A) is necessary to ensure that A* is well-defined.
Indeed, if f, f5 satisfy for all g € D(A)

(fi 9)=(fAg) = (f5,9),

then (ff — f5,9) = 0 for all g € D(A), and this equality implies f; = f5 only if D(A)
is dense in H. Note also that once (A*,D(A*)) is defined, one has

(A" f,9) = (f, Ag) Vf e D(A") and Vg € D(A).
Exercise 1.4.8. Show that if (A,D(A)) is closable, then D(A*) is dense in H.
Some relations between A and its adjoint A* are gathered in the following lemma.
Lemma 1.4.9. Let (A,D(A)) be a densely defined linear operator on H. Then
(i) (A*,D(A")) is closed,
(ii) One has Ker(A*) = Ran(A)+,

(iii) If (B,D(B)) is an extension of (A,D(A)), then (A*,D(A%)) is an extension of
(B*,D(B")).

Proof. a) Consider {f,}nen € D(A*) such that s—lim,,_,, f, = f € H and such that
s—lim,, o, A*f, = h € H. Then for each g € D(A) one has

(£, Ag) = Tim (£, Ag) = lim (4" f,g) = (h.g).

Hence f € D(A*) and A*f = h, which proves that A* is closed.
b) Let f € Ker(A*), i.e. f € D(A*) and A*f = 0. Then, for all g € D(A), one has

0= (A"f,9) = (f, Ag)
meaning that f € Ran(A)*. Conversely, if f € Ran(A)*, then for all g € D(A) one has

(f; Ag) =0=1(0,9)
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meaning that f € D(A*) and A*f = 0, by the definition of the adjoint of A.

¢) Consider f € D(B*) and observe that (B*f,g) = (f, Bg) for any g € D(B).
Since (B,D(B)) is an extension of (A,D(A)), one infers that (B*f,g) = (f, Ag) for
any g € D(A). Now, this equality means that f € D(A*) and that A*f = B*f, or more
explicitly that A* is defined on the domain of B* and coincide with this operator on
this domain. This means precisely that (A*, D(A*)) is an extension of (B*,D(B*)). O

Let us finally introduce the analogue of the bounded self-adjoint operators but in
the unbounded setting. These operators play a key role in quantum mechanics and their
study is very well developed.

Definition 1.4.10. A densely defined linear operator (A, D(A)) is self-adjoint if
D(A*) =D(A) and A*f = Af for all f € D(A).

Note that as a consequence of Lemma 1.4.9.(i) a self-adjoint operator is always
closed. Recall also that in the bounded case, a self-adjoint operator was characterized
by the equality

(Af.9) = (f. Ag) (1.18)

for any f,g € H. In the unbounded case, such an equality still holds if f,g € D(A).
However, let us emphasize that (1.18) does not completely characterize a self-adjoint
operator. In fact, a densely defined operator (A, D(A)) satisfying (1.18) is called a sym-
metric operator, and self-adjoint operators are special instances of symmetric operators
(but not all symmetric operators are self-adjoint). For a symmetric operator the adjoint
operator (A*, D(A*)) is an extension of (A, D(A)), but the equality of these two oper-
ators holds only if (4, D(A)) is self-adjoint. Note also that for any symmetric operator
the scalar (f, Af) is real for any f € D(A).

Exercise 1.4.11. Show that a symmetric operator is always closable.
Let us add one more definition related to self-adjoint operators.

Definition 1.4.12. A symmetric operator (A, D(A)) is essentially self-adjoint if its
closure (Z, D(X)) is self-adjoint. In this case D(A) is called a core for A.

A following fundamental criterion for self-adjointness is important in this context,
and its proof can be found in [Amr, Prop. 3.3].

Proposition 1.4.13. Let (A, D(A)) be a symmetric operator in a Hilbert space H.
Then

(i) (A, D(A)) is self-adjoint if and only if Ran(A +1i) = H and Ran(A — i) = H,

(it) (A,D(A)) is essentially self-adjoint if and only if Ran(A + i) and Ran(A — i) are
dense in H.
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For completeness, let us recall the definitions of a spectral family and a spectral
measure, and mention one version of the spectral theorem for self-adjoint operators.
We do not provide more explanations here and refer to [Amr, Chap. 4] for a thorough
introduction to this important result of spectral theory. Later on, it will be useful to
have these definitions and this statement at hand.

Definition 1.4.14. A spectral family, or a resolution of the identity, is a family
{E\}xer of orthogonal projections in H satisfying:

(i) The family is non-decreasing, i.e. ExE, = Eninpau,
(i1) The family is strongly right continuous, i.e. Eyx = Exio = s — limo g Exye,
(117) s —limy_,_o Ex =0 and s — limy_,o F) =1,
Given such a family, one first defines
E((a,b]) := E, — E,, a,b € R, (1.19)

and extends this definition to all sets V € Apg, where Ap denotes the set of Borel
sets on R. Thus one ends up with the notion of a spectral measure, which consists
in a projection-valued map E : Ag — Z(H) which satisfies E()) = 0, E(R) = 1,
EW)E(V,) = E(V; NV,) for any Borel sets Vi, Va.

Theorem 1.4.15 (Spectral Theorem). With any self-adjoint operator (A, D(A)) on a
Hilbert space H one can associate a unique spectral family {E\}, called the spectral
family of A, such that D(A) = Diq with

D= { et [ IoWF (BN <o},

and A = ffooo A E(d)N). Conversely any spectral family or any spectral measure defines
a self-adjoint operator in H by the previous formulas.

1.5 Resolvent and spectrum

We come now to the important notion of the spectrum of an operator. As already
mentioned in the previous section we shall often speak about a linear operator A, its
domain D(A) being implicitly taken into account. Recall also that the notion of a closed
linear operator has been introduced in Definition 1.4.6.

The notion of the inverse of a bounded linear operator has already been intro-
duced in Definition 1.2.7. By analogy we say that any linear operator A is invertible if
Ker(A) = {0}. In this case, the inverse A~! gives a bijection from Ran(A) onto D(A).
More precisely D(A™!) = Ran(A) and Ran(A™!) = D(A). It can then be checked that
if A is closed and invertible, then A~! is also closed. Note also if A is closed and if
Ran(A) = H then A™! € Z(H). In fact, the boundedness of A~! is a consequence of
the closed graph theorem and one says in this case that A is boundedly invertible or
invertible in B(H).
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Definition 1.5.1. For a closed linear operator A its resolvent set p(A) is defined by
p(A) :={z € C| (A — z) is invertible in B(H)}
={z € C| Ker(A — z) = {0} and Ran(A — z) = H}.

For z € p(A) the operator (A—z)~' € B(H) is called the resolvent of A at the point z.
The spectrum o(A) of A is defined as the complement of p(A) in C, i.c.

7(A) := C\ p(A). (1.20)

The following statement summarized several properties of the resolvent set and of
the resolvent of a closed linear operator.

Proposition 1.5.2. Let A be a closed linear operator on a Hilbert space H. Then
(i) The resolvent set p(A) is an open subset of C,

(ii) If z1, 29 € p(A) then the first resolvent equation holds, namely

(A-—2) "= (A—2z) ' =(21 —2)(A—2) " (A—2)! (1.21)

(iii) If 21,22 € p(A) then the operators (A — z1)™' and (A — z3)~! commute,

1

(iv) In each connected component of p(A) the map z — (A — 2)~" is holomorphic.

As a consequence of the previous proposition, the spectrum of a closed linear opera-
tor is always closed. In particular, z € o(A) if A—z is not invertible or if Ran(A—z) # H.
The first situation corresponds to the definition of an eigenvalue:

Definition 1.5.3. For a closed linear operator A, a value z € C is an eigenvalue of
A if there exists f € D(A), f # 0, such that Af = zf. In such a case, the element f
is called an eigenfunction of A associated with the eigenvalue z. The dimension of the
vector space generated by all eigenfunctions associated with an eigenvalue z is called
the geometric multiplicity of z. The set of all eigenvalues of A is denoted by o,(A), and
is often called the point spectrum of A.

Let us still provide two properties of the spectrum of an operator in the special
cases of a bounded operator or of a self-adjoint operator.

Exercise 1.5.4. By using the Neumann series, show that for any B € B(H) its spec-
trum is contained in the ball in the complex plane of center 0 and of radius || B

Lemma 1.5.5. Let A be a self-adjoint operator in H.
(i) Any eigenvalue of A is real,

(i1) More generally, the spectrum of A is real, i.e. 0(A) C R,
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(111) Eigenvectors associated with different eigenvalues are orthogonal to one another.

Proof. a) Assume that there exists z € C and f € D(A), f # 0 such that Af = zf.
Then one has

AP = 2f) = Af) = (Af. f) = (o, ) =2 fII*.

Since || f]| # 0, one deduces that z € R.
b) Let us consider z = X 4 ic with A\,e € R and ¢ # 0, and show that z € p(A).
Indeed, for any f € D(A) one has

1A= 2)f1* = (A= A)f —ief|?
= (A= N f —ief, (A= N f —ief)
= [[(A=NFIP+ 11

It follows that |[(A — 2)f|| > |e|||f]|, and thus A — z is invertible.
Now, for any for any g € Ran(A — z) let us observe that

lgll = [|(A = 2)(A = 2)"g|| > [el[|(A - 2)~"g]|.

Equivalently, it means for all g € Ran(A — z), one has

[(A—2)""g|| < —|||9|| (1.22)

Let us finally observe that Ran(A — z) is dense in ‘H. Indeed, by Lemma 1.4.9 one

has
Ran(A — 2)" = Ker ((A — 2)*) = Ker(4* — z) = Ker(A — z) = {0}

since all eigenvalues of A are real. Thus, the operator (A — z)~! is defined on the
dense domain Ran(A — z) and satisfies the estimate (1.22). As explained just before the
Exercise 1.4.4, it means that (A — 2)~! continuously extends to an element of Z(H),
and therefore z € p(A).

c) Assume that Af = Af and that Ag = pg with A\,u € R and A\ # u, and
f,g € D(A), with f # 0 and g # 0. Then

Mf,9) = (Af,9) = (f, Ag) = u(f, 9),

which implies that (f,g) = 0, or in other words that f and g are orthogonal. O

1.6 Positivity and polar decomposition

The notion of positive operators can be introduced either in a Hilbert space setting or
in a C*-algebraic setting. The next definition is based on the former framework, and its
analog in the latter framework will be mentioned subsequently.
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Definition 1.6.1. A densely defined linear operator (A,D(A)) in H is positive if

(fLAf) >0 for any f € D(A). (1.23)

Clearly, such an operator is symmetric, see the paragraph following Definition
1.4.10. If A is bounded one also infers that A is self-adjoint, but this might not be
the case if A is unbounded. It is then a natural question to check whether there exists
some self-adjoint extensions of A which are still positive. We shall not go further in
this direction and stick to the self-adjoint case. More precisely, a self-adjoint operator
(A,D(A)) is positive if (1.23) holds.

For positive self-adjoint operators, the following consequences of the spectral theo-
rem are very useful, see Theorem 1.4.15.

Proposition 1.6.2. For any positive and self-adjoint operator (A, D(A)) in H the
following properties hold:

(i) o(A) C[0,00),

(1i) There exists a unique self-adjoint and positive operator (B, D(B)) such that A =

B? on D(A). The operator B is called the positive square root of A and is denoted
by A1/2

Since in a purely C*-algebraic the scalar product in (1.23) does not exist (note that
this statement is not really correct because of the GNS representation) one usually says
that a bounded operator A is positive if A = A* and o(A) C [0,00). However, this
definition coincides with the one mentioned above as long as one considers bounded
operators only.

Remark 1.6.3. If A is an arbitrary element of B(H), observe that A*A and AA*
are positive operators. Indeed, self-adjointness follows easily from Exercise 1.2.4 while
positivity is obtained by the equalities

(f,AAf) = (Af, Af) = [|Af|* = 0

and similarly for AA*. In fact, the set {A*A | A € B(H)} is equal to the set of all
positive operators in B(H).

Let us add one statement which contains several properties of bounded positive
operators. It can be stated in a purely C*-algebraic framework, but we present it for
simplicity for #(H) only. Note that if A € ZA(H) we often denote its positivity by
writing A > 0. Now, if Ay, A5 are bounded and self-adjoint operators, one writes A; >
Ag if A — Ay > 0. We shall also use the notation Z(H ), for the set of positive elements
of B(H).

Proposition 1.6.4. (i) The sum of two positive elements of B(H) is a positive ele-
ment of B(H),
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(i) The set B(H); is equal to {A*A| A e B(H)},
(111) If A, B are self-adjoint elements of B(H) and if C € B(H), then A > B =
C*AC > C*BC,
(iv) If A> B >0, then AY? > B'/2,
(v) If A= B =0, then [|A]| = [|B]|,
(vi) If A, B are positive and invertible elements of #(H), then A > B = B™! >
ATt >0,
(vii) For any A € B(H) there exist Ay, Ag, A3, Ay € B(H)4 such that
A=A — Ay +iAs — A,
Proof. See Lemma 2.2.3, Theorem 2.2.5 and Theorem 2.2.6 of [Mur]. O

We finally state and prove a very useful result for arbitrary element of B € #(H).
For that purpose we first introduce

|B| := (B*B)Y/2. (1.24)

Theorem 1.6.5 (Polar decomposition). For any B € AB(H) there exists a unique
partial isometry W € ZB(H) such that

W|B|=B and Ker(W) = Ker(B). (1.25)
In addition, W*B = |B.
Proof. For any f € H one has

IBIFI® = (BIf.|BLS) = (f:|BI2f) = (f, B*Bf) = | B,
which means that the map
Wo:|B/H > |B|f — Bf € H

is well-defined, isometric, and also linear. It can then be uniquely extended to a linear
isometric map from the closure |B|H to H. This extension is still denoted by Wy. We

can thus define the operator W € #(H) by W = W, on |B|H and W = 0 on its
orthocomplement. It then follows that W|B| = B, and W is isometric on Ker(W)*

since Ker(W) = |B|’HL. Thus, W is a partial isometry and Ker(1W) = Ker(|B|). Now,
since for any f, g € H one has
(W*Bf,|Blg) = (Bf, Bg) = (f, B"Bg) = (|Bl|f,|Blg),

one deduces that (W*Bf, h) = (|B|f,h) for any h € |B|H, and then for any h € H.
Thus W*B = | B|, and since Ker(W*) = Ran(W)* = Ran(B)"*, one infers that Ker(B) =
Ker(|B|) = Ker(WW).

For the uniqueness, suppose that there exists another partial isometry W’ € A(H)
such that W’|B| = B and Ker(W’) = Ker(B). Then W' is equal to W on |B|H and on

—
|B|H  both operators are equal to 0. As a consequence, W' = W. O
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Chapter 2
Normed ideals of 7 (H)

In this chapter we review the classical theory related to compact operators: their singular
values and their eigenvalues, some operator ideals, etc. We shall mainly follow [Sim]
but an alternative reference is [GK]. Note that some results might be improved in the
subsequent chapters. Before starting with any new material, let us emphasize one tiny
but important point.

Remark 2.0.6. Up to now, choosing N = {0,1,2,...} or N = {1,2,3,...} was not
relevant and we did not impose any choice. However, in some of the subsequent formulas
starting with n = 0 or with n = 1 makes a difference. So from now on we shall take the
convention that N := {1,2,3,...} and stress that some formulas look different with the
other convention. Thus, without further notice all sequences { f,} or (a,) will start with
n = 1. Relatedly, we shall use the convenient notation N either for a finite number or
for oco.

2.1 Compact operators and the canonical expansion

In order to study the ideal of compact operators £ (H), a standard result on analytic
operator-valued functions has to be recalled. Its proof is provided for example in [RSI,
Thm VI.14]. For its statement, we recall that a subset S of an open set 2 is discrete if
it has no limit points in €.

Theorem 2.1.1 (Analytic Fredholm theorem). Let Q2 be an open connected subset of C.
Let W : Q — J#(H) be an analytic operator-valued function. Then one of the following
alternative holds:

(i) (1— \I/(z))f1 exists for no z € Q,

(i1) (1 — \IJ(Z))_1 exists for all z € Q\ S where S is a discrete subset of Q0. In this

case, (1 —\I/(z))fl is meromorphic in , analytic in Q\ S, the residue at the poles
are finite rank operators, and if z € S then the equation V(z)f = f has a nonzero
solution in H.

25
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This theorem has several important consequences. We state a few of them.

Corollary 2.1.2 (Fredholm alternative). If A belongs to # (H), either (1—A)~! exists
or Af = f has a solution in H.

Proof. Set W(z) = zA and apply the previous theorem at z = 1. ]

Theorem 2.1.3 (Riesz-Schauder theorem). If A belongs to J (H), then its spectrum
o(A) is a discrete set having no limit points except perhaps 0. In addition, any non-zero
A € o(A) is an eigenvalue of finite geometric multiplicity.

Proof. Let us set U(z) = zA, which makes U an analytic % (H)-valued function on
C. Thus from Theorem 2.1.1 one infers that the set {z € C | U(z)f = f for some f €
H, f # 0} is a discrete set. Now, if A # 0 and if % is not in this discrete set then

Aoyt = L1

A

exists, which means that A € o(A). From this, one deduces that the spectrum of A
consists in the discrete set mentioned above, and possibly in the value 0. Finally, the
fact that the non-zero eigenvalues have finite geometric multiplicity follows directly
from the compactness of A. O]

The following statement is a direct consequence of Riesz-Schauder theorem together
with some information deduced from the spectral theorem for self-adjoint operators, see
Theorem 1.4.15.

Theorem 2.1.4 (Hilbert-Schmidt theorem). If A is self-adjoint and belongs to & (H)
then there exists a complete orthonormal basis { fu}nen of H such that Af, = A\, f, and
lim,, oo A, = 0.

If A is not self-adjoint, a “canonical” description of A can still be provided. For its
statement, we shall use the convenient notation |f)g| for the rank-one operator defined
by

[fXglh == (g, h)f, ~ forany f,g,h€H. (2.1)

Theorem 2.1.5. If A belongs to # (H) then A has a norm convergent expansion

N

A=Y pn(A)lgafal (2.2)

n=1

with N either a finite number or equal to oo, with each p,(A) > 0 and satisfying
tn(A) > pni1(A), and with each family {f,} and {g,} orthonormal but not necessarily
complete. Moreover, each i, (A) is uniquely determined while the f, and g, are usually
not uniquely defined.
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Proof. From the polar decomposition provided in Theorem 1.6.5 one infers that there
exists a partial isometry W such that |A| = W*A. Thus, |A] is a compact and self-
adjoint operator to which Theorem 2.1.4 applies. With the notations introduced above,
this reads

Al = Zun ) fu)(fnl

where the p,(A) are the eigenvalues of \A[ and f, the corresponding eigenfunctions.
Clearly, the family {f,} is orthonormal. Since W is an isometry on Ran(|A|) and by
setting g, :== W f,, one also infers that {g,} is orthonormal. Since the relation W|A| =

holds, one directly deduces the equality (2.2). The uniqueness follows if one observes
that if (2.2) holds, then {u,(A)?} are the eigenvalues of A*A, {f,} the eigenvectors of
A*A and {g,} the eigenvectors of AA*. The lack of uniqueness of f,, and g, comes from
the possible degeneracy of the eigenvalues of A*A and AA*. m

In the previous result, the real values u,,(A) are called the singular values of A and
the equality (2.2) is called the canonical expansion of A. Let us also emphasize that

pin(A*) = pn(A), (2.3)

as it can be directly deduced from (2.2) or from the fact that the spectrum of A*A and
AA* coincide (multiplicity counted) with the possible exception of the eigenvalue 0.

Let us still add one more useful result which can be easily deduced from the con-
struction provided in [Kat, Sec. 111.6.4].

Lemma 2.1.6. If A belongs to & (H) and A\ € o(A) is not equal to 0, then there
exists a finite rank projection Py such that APy, = P\A, O'(A i PAH) = {\} and
o(AT (1= POH) =a(A)\ {\}.

Note that a possible expression for P, is provided by the formula

1
Py =—— (A—2z)"tdz
21 J ) N=e
for € > 0 small enough. The dimension of Ran(P,) is called the algebraic multiplicity of
A. We still recall that the geometric and the algebraic multiplicity of an eigenvalue can
be different, but the geometric multiplicity can never exceed the algebraic multiplicity.

2.2 Eigenvalues and singular values

In this section we begin the study of the singular values of any compact operator A,
and then state some relations between singular values and eigenvalues. The proofs for
most of these relations are not provided but references are given.

We start with some results on singular values. Since these values can be computed
by an application of the min-max principle, we first introduce this principle for positive
compact operator. Note that a similar statement holds for the negative eigenvalues of
any self-adjoint compact operator.
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Theorem 2.2.1 (Min-max principle). Let B be a positive compact operator in H,
and let {\,} be the set of its eigenvalues (counting multiplicity) and ordered such that
An > Apa1- Then

An = min { sup{(f, Bf) | f € My, |f|| =1} | M,, C H,dim(M,,) =n—1}. (2.4)

Proof. For any n € N let us set F), :== Span(fi,..., f,) with f; a normalized eigenvector
corresponding to the eigenvalue \; of B. Let us also consider any subspace M,, C ‘H
with dim(M,,) = n—1. Clearly, F,, "M, # {0}, and thus one can choose f € F,, "M
with || f]| = 1. More precisely, f = Z;l:l c;f; with Z;l:l |c;|? = 1. It then follows that

d

d d
(F,Bf) = (eifi Nieifi) =D Aileil> = A ) e = A
P =1

j=1

since the eigenvalues of B are ordered. Hence we have obtained that

sup {{f.BS) | f € ML |fIl =1} = Ao

For the converse inequality, one can choose M,, := Span(fi,..., fn—1) and then
sup { (£, Bf) | [ € My I fll =1} = A,
which implies the statement. O

By setting B := A*A in the previous statement and by recalling that p,,(A)? corre-
sponds to the n-eigenvalue of A* A one directly obtains a characterization of the singular
values of any compact operator A, namely:

Proposition 2.2.2. Let A belong to # (H) and let {11,,(A)} denote its singular values
ordered such that pi,(A) > pni1(A). Then

pn(A) = min {sup{[AF]| | f € ME, || = 1} | My C Hodim(M,) =n — 1}, (25)
As a consequence one directly infers the following estimates:
Corollary 2.2.3. For any A € # (H) and B € #B(H) one has
pn(AB) < pn(A)|BIl - and  pn(BA) < pn(A)[|B- (2.6)

Proof. Observe that the first inequality can be deduced from the second one and from
(2.3). Indeed one has

pin(AB) = pin(B*A”) < pin(A")[| B*[| = pin (A) || B[

For the second equality, one uses (2.5) together with the inequality | BAf| < || B||||Af||
for any f € H. m
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In the next statement, we mention some generalizations of the previous result.
Proofs can be found in [Fan, Thm. 2].

Proposition 2.2.4. Let A, B belong to £ (H). Then the following inequalities hold for
any m,n € N:

ﬂernfl(AB) < Nm(A> ,Un<B>7
fintm-1(A + B) < pim(A) + pin(B).

Note that (2.6) corresponds to the special case m = 1 since py(B) = || B||. One
additional relation between the singular values of A, B and AB is given by:

Lemma 2.2.5. For any A, B in 2 (H) and for any n € N one has

[Tr(aB) < T] (A (B). (2.9)

j=1
Proof. See [Hor|, Theorem 3 and its proof. O

Let us still mention some relations linking singular values and eigenvalues. Note that
the eigenvalues of a compact operator are not enumerated arbitrarily but according to
the following definition.

Definition 2.2.6. If A belongs to # (H) its eigenvalues A\ (A), A2(A), ... are ordered
such that |X\j(A)| > [Aj+1(A)| for any j € N, and each eigenvalue is counted up to its
algebraic multiplicity.

The following result comes from the paper [Wey].

Lemma 2.2.7. For any A in & (H) and for any n € N one has

d

[Tl < Hﬂj(A)-

=1
As a consequence of the previous two results one has:

Proposition 2.2.8. For any A, B in £ (H) and for any monotone increasing function
¢ :[0,00) = Ry such that t — ¢(e') is convex one has

(i)
Do) < 3 e(us(4)), (2.10)

and in particular for any p > 1

S INAP < 3 Ay, 211)
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(i1
> #(1(4B)) < 3 & (i (A)p(B)). (2.12)

J

Proof. These inequalities directly follow from Lemmas 2.2.5 and 2.2.7 together with
Corollary 2.3.4 introduced in the next section. O]

Note that the results mentioned above are usually proved for finite matrices, and
then a limiting procedure is applied in order to extend the result to certain compact
operators. As mentioned in the proof of Proposition 2.2.8 some additional technicalities
are now required. Some of them are introduced in the next section.

2.3 Technical interlude

Let us start by introducing some ideas and results about rearrangement or (sub)majori-
zation. This concept plays an important role when dealing with the spectrum of matrices
or compact operators, and has been extensively studied in the book [MOB]. In the next
definition we use the notation ¢, for the set of complex sequences a = (a;)32, satisfying
lim; .o a; = 0.

Definition 2.3.1. For any a = (a;) in C? or in ¢y we denote by a* the element of RY
or ¢y obtained by a non-increasing rearrangement of {|a;|};.

In other words, if means that a} > aj,, and that the sets {a}} and {[a;|} are
identical, counting multiplicity. For simplicity, we shall say that an element a € R? or
a € cy is positive and ordered if a; > 0 and a; > a;4; for any j. Clearly, a* is always
positive and ordered.

Now, based on the rearrangement inequality', as presented for example in [HLP,
Thm 368] one infers that for two sequences a and b as in the previous definition one has

> agb;l < iy (2.13)
J J

as long as the r.h.s. is meaningful (if a and b belong to C¢ it is obviously the case). The
following result, stated first in [Mal, Lem. 1] and proved in [Ma2, Thm. 1.2], will be
important later on. The version presented here is taken from [Sim, Thm. 1.9] where a
proof is provided.

For any a € R? let us set a* for the non-increasing rearrangement of {a;} (without the absolute
value). If a,b € R? the rearrangement inequality reads

d d d

* 1.k * 1%
g aj bn+1—j < E ajb; < E aj bj.
=1 =1 =1
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Theorem 2.3.2. Let a,b € C? and assume that

k k
Zb; < Za; for any k€ {1,...,n}. (2.14)

j=1 j=1
Then there exist m points aV), ... a™ in C? with (a'9)* = a* for £ € {1,...,m} and

there exist {\¢} C [0, 1] satisfying >_,"; \¢ = 1 such that
b= Ma. (2.15)
=1

In addition if ® is a positive valued function on [0, 00)* and if the function ¢ : C* — R,
defined by ¢(c) == ®(c},...,ct), is convex on C?, then

rn

o(b) < ¢(a). (2.16)

Note that condition (2.14) is often denoted by b < a in the literature. In addition,
what (2.15) really says is that b belongs to the convex hull of a family of vectors of
the form (egaj,){_, with |ex] = 1 and jj is an arbitrary permutation of the numbers
1,2,...,n. The elements a® are the points which define the convex hull. This, together
with the fact that ¢(a'¥) = ¢(a) and the convexity of the function ¢, directly implies
the inequality (2.16).

Exercise 2.3.3. Provide a proof of Theorem 2.3.2.

Before mentioning two results linked to the previous statement, let us show how one
can construct examples of functions ®. Consider any function f : [0,00) — R which
is convex and increasing and let us set ®(x) := Z;l:l f(z;) for any = € [0,00)% Then
one observes that for any 6 € [0, 1] and b, ¢ € C? one has

(00 + (1= 0)c) = B((0b+ (1 — 0)c)*)

I
B

f(‘@bj +(1— 9)cj|)

1

IA
a T

(0£(6s1) + (1 = )£ ()
= 09(b) + (1 = 0)6(c)

which means that ¢ is convex on C% As a consequence the function ® satisfies the
requirement of Theorem 2.3.2.

The next statement is an application of Theorem 2.3.2 for transforming estimates
on products to estimates on sums.
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Corollary 2.3.4. Let a,b € R? be positive and ordered, and suppose that
k k
HbjSHaj for any k € {1,...,n}.
j=1 j=1

Then, for any continuous, monotone increasing function g : [0,00) — Ry with t — g(e)
conver, we have that

k

> gy) <

=1

g(a;) forany k€ {1,...,n}. (2.17)

]~

<.
I
—

In particular, (2.14) can be obtained by taking g(x) = x.

Proof. Assume without loss of generality that a; and b; are all non-zero. By setting
then a; := ~ya; and Ej := vb; for v large enough, we get that all aj;, I~)j are bigger
than 1. By considering then In(d;) and In(b;), one observes that the condition (2.14)
is satisfied for these numbers. By setting then f(t) := g(fy‘l et), the function f is
convex and increasing, and by the observation made above, the function ® defined by
O(z) = Y f(x;) for any x € [0,00)? satisfies the assumption of Theorem 2.3.2. The
inequality (2.17) follows then directly from (2.16). O

Exercise 2.3.5. Check the details of the previous proof.

The second domain linked with Theorem 2.3.2 is related to the notion of doubly
substochastic matrices.

Definition 2.3.6. A matriz o = (a;;) € My(C) is called doubly substochastic (in
short dss) if Zjvzl lajr| < 1 forall k € {1,...,N} and S0, |aji] < 1 for all j €
{1,...,N}.

Note that such matrices can be constructed from elements of any Hilbert space
H. Indeed, if for any ¢ € {1,2,3,4} the family {f/}}'; C # is orthonormal, then
the matrix o defined by oy := [(f, f2)|? is a dss matrix, and the matrix § defined
by Bir = (f}, f)(f, f}) is a dss matrix. The fact that these matrices are doubly
substochastic can be obtained by applying Bessel and Schwartz inequalities.

The next statement is borrowed from [Sim, Prop. 1.12] to which we refer for its
proof.

Proposition 2.3.7. Let a € M,(C) be a dss matriz and let ¢ € C?. If one sets a == c*
and b := ac, then a,b € C? satisfy condition (2.14) of Theorem 2.5.2.

We now introduce the notion of symmetric normed spaces. Note that a simple
introduction to the subject can be found in [Sch, Sec. V.3|. For that purpose, let us
denote by /4 the set of all bounded sequences (a;)52, endowed with the sup norm (also

denoted {-norm), and let us denote by c. the set of complex sequences a = (a;)32,
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with compact support. Clearly, c. is dense in ¢y for the {,-norm. Recall that a norm
on ¢, is a map P : ¢, — R, which satisfies for any a,b € ¢, and A € C the following
properties: i) ®(Aa) = [A|®(a), ii) P(a + b) < P(a) + P(b), iii) P(a) = 0 if and only if
a = 0.

Definition 2.3.8. A norm ® on c. is symmetric if ®(a) = ®(a*) for any a € c,.

Let us observe that a norm on c. is symmetric if and only if it is invariant under
permutations and under the map a; — ¢ a; for any 0; € R.

Definition 2.3.9. Let ® be a norm on c.. The maximal space Jg consists in the set of
sequence a = (a;)%2, such that the limit lim, o ®((a1, a2, ...,a,,0,0...)) exists (we

denote it then by ®(a)). The minimal space Jg)) consists in the closure of c. with the

norm ®. If Jp = Jéo), that is if c. is dense in Jp the norm ® is called regular (or
mononormalizing in some references).

Examples 2.3.10. 1) Forp > 1, if ®(a) = ||al|, := (Z] |aj|p)1/p then Jg corresponds
to the usual £, space. We also set ||a||o := sup; |a;|. Note that if p < oo the norm || - |,
15 reqular.

2) For p > 1 let us set

d
lallp == sup (5 " a3), (2.18)

j=1

which is a symmetric norm, called Calderon norm. The maximal space associated with
this norm is denoted by £,,., and called weak £,-space. The minimal space corresponds to
the elements a € £, satisfying the additional condition limj_mj%a; = 0, which means
that the Calderén norms are not regular. Note also that the following inequalities hold

p ’
L lally

lallw < llallpw <

with |all},,, = Supj(j%a;). Clearly, this expression is simpler than (2.18) but || - [},
does not define a norm. However, the set of a € ly, satisfying |a|l},,, < oo corresponds
to £y, and this expression can also be used for p = 1.

In the following statement, several properties of maximal and minimal spaces are
summarized. Note that Theorem 2.3.2 and Proposition 2.3.7 play an important role in
the proof, and that condition (2.14) is explicitly mentioned in the point (b). For the
proof of these statements, we refer to [Sim, Thm. 1.16].

Theorem 2.3.11. Let ® be a symmetric norm on c., then
(a) If a € Jgp and lim; . a; =0, then ®(a) = ®(a*),

(b) If a,b € Jp with lim; o a; =0 and lim;_,, b; =0, and if Z;'i:1 b < Z;.lzl a; for
any n € N, then ®(b) < ®(a),
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(c) If ©((1,0,0,...)) =c, then c|lal| < ®(a) < c|lall; for any a € Jo,
(d) Both Jg and Jéo) are Banach spaces,

(e) If a is a substochastic matriz and a € Jg, resp. a € Jéo), then aa is in Jg, resp.
in Jéo), and ®(aa) < ®(a),

(f) If ® is inequivalent to || - ||, then Jo consists only of sequences which vanish at
infinity,

(9) If Jo = Jy, then ® and U are equivalent norms.

For each symmetric norm ® on ¢, one can define a conjugate norm @’ on ¢, by the
following construction: For any b € c. one sets

®'(b) := sup {| Zajbj} | a € c.,®(a) < 1}. (2.19)

As a consequence of (2.13) one easily infers that for b, ¢ € ¢, with ¢ = ¢*
sup{‘ Zajbj‘ la* =c} = Zb;fcj
J J
and then that " is a symmetric norm on c.. Some additional standard duality results
are gathered in the following statement.
Theorem 2.3.12. Let ® be a symmetric norm on c.. Then
(a) 325 la;b;l < ®(a)®'(b),

(b) (Jé,o))* = Jgr in the sense that any continuous linear functional on Jéo) has the
form a — Zj a;b; for some b € Jg,

(c) Jéo), resp. Jo, is reflexive if and only if both ® and ®' are reqular.

The proof of the above statement is provided in [Sim, Thm. 1.17] and is based on
standard duality arguments.

Exercise 2.3.13. Provide the proofs of Theorems 2.53.11 and 2.3.12.

We close this section with a few results related to singular values of pairs of compact
operators. Proofs can be found in [Sim, Sec. 1.8 & 1.9].

Proposition 2.3.14. a) For any pair of compact operators A and B one has

pin(A) = pa(B) = Zanmﬂm(A - B) (2.20)
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for a dss matrix o.
b) For any pair of finite dimensional self-adjoint matrices A, B, let X5(A) denote
the eigenvalues of A listed in decreasing order. Then

M(A) = Ao(B) = BumAin(A = B) (2.21)

for a dss matrix 5.

For any A € J¢(H) we set ||A]l, == (>, ,un(A)p)l/p whenever the summation is
meaningful.

Proposition 2.3.15 (Clarkson-McCarthy inequalities). a) For 2 < p < oo one has
IA+ BIE+[|A = Bls < 221 (| AllL + || BIIb). (2.22)
b) For 1 <p <2 and forp=p/(p—1) one has
’ ’ '/
1A+ Bl + 1A= BllE < 2(1All5 +[1BIE)" ™. (2.23)
Note that for A, B positive an additional relation holds:
Proposition 2.3.16. For p > 1 and for A, B positive compact operators, one has
1—
27P|A+ Bl < [|All; + B[} < [|A + BI[}- (2.24)
Exercise 2.3.17. Consider the matrices (9}) and (2, §) and compute ||A||1, || Bllx and

|A—+iB||1. What do you observe and can you compare this result with the commutative
case ?

2.4 Normed ideals of Z(H)

In this section we begin the study of two-sided ideals in #(H). By definition, as linear
subspace _# of Z(H) is a two-sided ideal of B(H) if AB and BA belong to _# whenever
Ae ¢ and B € #(H). Some of these spaces will be linked to sequences introduced in
the previous sections. We begin with two standard results about operator ideals. The
first one state that the biggest ideal of Z(H) is # (H).

Proposition 2.4.1. Let ¢ be a two-sided ideal of %(H) containing an element A
which is not compact. Then ¢ = B(H).

Proof. By the polar decomposition of Theorem 1.6.5, there exists a partial isometry
W such that |A| = W*A. If follows that _# contains the positive self-adjoint oper-
ator |A| which is not compact. By the spectral theorem, for any a > 0 let us set
P, = X{a,00)(|4]) = E([a,00)) where E denotes the spectral measure associated with
the operator |A|. If each P, is a finite dimensional projection, then |A| = u—lim,_,o |A| P,
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would be compact (as a norm limit of finite dimensional operator) which is a contra-
diction with the fact that |A| is not compact. Thus there exists at least one P, which is
not finite dimensional. In addition, since |A|~*P, is bounded (by functional calculus),
then P, = |A| (JA|7'F,) is an element of ¢ (as a product of an element in _# and a
bounded operator). Thus there exists an infinite dimensional projection P, which be-
longs to #. Then, by a general argument there exists an isometry V from H to P, H,
and then V*P,V =1¢€ _#, since P, € #. The fact that 1 € _# automatically implies
that ¢ = B(H). O

As a consequence of the previous statement, any two-sided ideal in B(H) consists in
compact operators. On the other hand, one easily shows that if this ideal _# contains
at least one rank one projection and is norm closed, then it is automatically equal
to  (H). However, without this assumption of closeness, more possibilities exist. Let
us first add a short but rather astonishing lemma of comparison between elements of

H(H).

Lemma 2.4.2. Let ¢ be a two-sided proper ideal in B(H), and let A,B € # (H)
with p1,(B) < pn(A) for anyn e N. If Ae ¢, then Be 7.

Proof. Let A =% 11,(A)|gn)fn] and B = ) 1, (B)|ks)(hy| be the canonical expan-
sion of A and B, as introduced in (2.2). Since these respective families of vectors are
orthonormal there exist a partial isometry D with D* f,, = h,, and a contraction C' with
Can = pin(B)pin(A)"k,. Since B = CAD it follows that B belongs to A, as stated. [

Corollary 2.4.3. Every two-sided ideal # of (M) is invariant under taking the
adjoint, ie. if A Z then A* e 7.

Proof. Since p,(A*) = pn(A) for any n € N, the statement follows from the previous
lemma. ]

Another consequence of the previous lemma is that two-sided ideals of Z(H) are
completely described by a set of sequences. Let us be more precise about such a state-
ment, by following the adaptation of the main result of [Cal, Sec. 1] provided in [Sim,
Chap. 2].

Definition 2.4.4. A vector subspace J of ¢y is called a Calkin space if it possesses the
Calkin property, namely whenever a € J and b € co with bj < aj for any j € N, then
be J.

Theorem 2.4.5 (Calkin correspondence). There exists a bijective relation between the
set of Calkin spaces and the set of two-sided ideals of B(H).

Exercise 2.4.6. Provide a proof of this theorem, and provide a construction for this
correspondence as explicitly as possible.
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The previous result together with Theorem 2.3.11 establish a relation between sym-
metric norms discussed in Section 2.3 and two-sided ideals. Indeed, if ® is a symmetric
norm on ¢, which is not equivalent to ¢, then the maximal space Jp and the minimal
space Jé,o) are Calkin spaces. The corresponding two-sided ideals of Z(H) will be de-

noted respectively by #Zs and /q()o). More precisely £, resp. /qﬂo), are defined by the

set of compact operators whose singular values belong to Jg, resp. Jéo). Then, for any
Aec g we set

B(A) = B (1 (A), pa(A),...). (2.25)

Let us mention a different way of computing this number, see [Sim, Prop. 2.6] for
its proof. For that purpose we let £ represent the set of all orthonormal sets { f,,} C H.

Proposition 2.4.7. If Ac Zs, then

o(A) = sup  O(({gn, Afn))-
U dontel

The links between ® and Zs are summarized in the following statement.

Theorem 2.4.8. Let ® be a symmetric norm on c., and let f be the corresponding
two-sided ideal of B(H).

(a) ® defines a norm on _Zq by the relation (2.25) and satisfies for all B € Z¢ and
A, C e B(H):

O(ABC) < [JA[[[[C]|2(B) (2.26)
®(B) > | B||®((1,0,...)). (2.27)

(b) 7o and /qﬂo) are Banach spaces with the norm ®, and /qﬂo) is the closure in

Fo of the finite rank operators. For any A € /qﬁo) the canonical decomposition
provided in (2.2) converges in the ®-norm.

(¢) Any norm on a two-sided ideal ¢ obeying (2.26) agrees, on the finite rank op-
erators, with a norm ® defined by a symmetric norm on c.. In addition one has

F C F, and if # is a Banach space with its norm then /&EO) c /7.

(d) (non-commutative Fatou Lemma) If A,, € Fo with w—lim,, . A, = A € Z (H)
and if sup,, ®(A,,) < oo, then A € Z¢ and ®(A) < sup,, P(A,,). If © is not

equivalent to l~,, then A need not be assumed to be compact a priori.
As a consequence of the point (a) we shall call Z¢ a normed ideal of B(H).

Exercise 2.4.9. Provide a proof of the above statement. Note that the material in-
troduced in Section 2.3 and in particular Theorem 2.3.11 are extensively used for this

proof.
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Let us still mention and prove some general results which apply to arbitrary norms
®. More detailed investigations on certain normed ideal will be realized in the next sec-
tion. For the time being, let us just mention the spaces ¢, and _#,,, which correspond
to the normed ideals constructed from the symmetric norms || - ||, and || - ||, exhibited
in Examples 2.3.10.

Theorem 2.4.10 (Abstract Holder inequality). Let &, ®5 and ®3 be three symmetric
norms on c. and let Jg,, Jo, and Jo, denote the corresponding maximal spaces. If for
any a € Jp, and b € Jp, one has ab € Jg, (pointwise product) and

By(ab) < @s(a) By(b),
then if A e Zg, and B € g, it follows that AB € 7, and
O (AB) < Oy(A) D3(B).
If either A € /(0) or B e /q()g), then AB € /q()?).
Proof. By the inequality (2.9) together with Corollary 2.3.4 one infers that

d
ZNJ (AB) SZ

Then, by Theorem 2.3.11.(b) one deduces that
®;(AB) = <I>1((un(AB))) < <I>1((un<A)un<B>)>
< a(((10n(4))) @3((1:(B)) ) = Do 4)0(B).

The second part of the statement is straightforward. O

Corollary 2.4.11. Let p,q,r > 1 satisfyp™' = ¢ ' +r . IfA € #, and B € Z,,
then AB € _#, with
IABIlp, < [|Allq 1Bl

Forp>1,ifAec 7, and B € 7., then AB € _¢#,,, with
p
[AB|[pw < EIIAIIW 1Bl 0-

Proof. The first part of the statement is a direct application of the previous theorem
together with Holder inequality while the second one follows from the inequality

(p—1)
p

labllp.w < llallgu 10l < llallgw [1Bllrw

with the notations introduced in Examples 2.3.10. O]

Extension 2.4.12. Study the complex interpolation in this general framework as in-
troduced in Theorem 2.9 and 2.10 of [Sim]. Provide some applications of these abstract
results.
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2.5 The Schatten ideals /p

In this section we focus on the normed ideals ¢, which are closely related to the
commutative ¢,-spaces. As mentioned earlier, the norm on ¢, is constructed from the
usual ¢,-norm. This material is very classical and can be found in any textbook on
operator theory. Note that _#; is usually called the set of Hilbert-Schmidt operators
while ¢, corresponds to the set of trace class operators. More generally, the space ¢,
is called the p-Schatten ideal.

The first result about Hilbert-Schmidt operators is useful in applications. We refer
for example to [Sim, Thm. 2.11] or [Amr, Prop. 2.15] for its proof.

Theorem 2.5.1. Let (Q, 1) be a measure space such that H := L*(Q, u) is separable.
An operator A belongs to _#» if and only if there exists a measurable function k €
L*(Q x Q, @ p) such that

AF@) = [ k) f)uldn) (228)

In addition the following relation holds
[Allzs == || All2 = [kl 2@x0)- (2.29)
Note that we have used the convenient notation || - ||z for the norm || - || which is

often used for Hilbert-Schmidt operators. Now, such a simple characterization of trace
class operators does not exist, and this is quite unfortunate since trace class operators
often play an important role. Nevertheless, some partial results exist, as presented in
the next statement for positive operators.

Theorem 2.5.2. Let pu be a Baire measure® on a locally compact Hausdorff space ). Let
H = L*(Q, 1) and let k be a continuous function on Q x Q2. Assume that the following
two conditions hold:

(i) For any f € C.(Q2) one has

/Qgﬂ@ﬂmewmmmmwzm

(i) [ok(z, z)p(dr) < oco.

Then there exists a positive operator A defined by (2.28) which belongs to #1 and the
following relation holds:

HMMZLM%@MM» (2.30)

2Recall that the Baire sets form a o-algebra of a topological space that avoids some of the patho-
logical properties of Borel sets. However, in Euclidean spaces the concept of a Baire set coincides with
that of a Borel set.



40 CHAPTER 2. NORMED IDEALS OF 2 (H)

For the proof, we refer to page 65 of [RS3, Sec. XI.4], or to [GK, Sec. I11.10] for a
more comprehensive approach to the subject.

Extension 2.5.3. Study the more recent results obtained by C. Brislawn in [Bri] and
mentioned in the Addendum D of [Sim, page 128].

Let us add two results which are often used as a definition of trace class and Hilbert-
Schmidt operators. Since we have introduced _#; and _¢, through a different approach,
one has to show that the two definitions coincide. We refer for example to [Mur, Sec. 2.4]
for this alternative approach. Note that in the approach used for example in [Mur]
various properties of the norms || - ||; and || - ||2 have to be shown independently, while
in our approach all these results follow from the general theory of symmetric norms on
Ce.

Proposition 2.5.4. 1) Let A € B(H) be positive and let { f,,} be an orthonormal basis
of H. Then Y, (fn, Afn) is independent of the choice of basis, and it is finite if and

only if Ae 71, with Y, (fu, Afn) = ||All1.
2) Let B € B(H) and let {f,},{gn} be orthonormal bases of H. Then Y., || Bf,|*
and Y7, . [(gm, Bfu)|* are independent of the choice of bases and equal. They are finite

if and only if B € s, and in this case are equal to || BJ[3.

Proof. Let us first observe that 1) follows from 2). Indeed, by setting B := A2, one
infers from 2) that for any orthonormal basis {f,}

SO Afy) Zannn?—uBng—Zu] P= > (A) = Al

where we have used that u;(B)? = u;(A) which is a direct consequence of the spectral
theorem for self-adjoint operators.
For the proof of 2), observe first by Parseval’s identity one has

Z||Bfn||2 Z|gm,Bfn Z| “Gms ) ZHB*gmn?

By symmetry, one directly gets the required equality and the independence with respect
to the choice of a basis. Now, if B € £, i.e. if > p,(B)* = ||Bl|3 < oo, one easily

gets from the canonical decomposition of B provided in (2.2) that Y~ | Bg,|* is finite
and equal to Y i, (B)?. Conversely, if 37 [(gm, Bfn)|* < oo one has

Z [(9n, Bfn>‘2 < Z [(gm, Bfn>’2
and B € _#, by Proposition 2.4.7. m

In the next statement we emphasize once more the relation between Hilbert-Schmidt
operators and trace class operators. Its proof follows easily from what has been intro-
duced so far, see also [Mur, Thm. 2.4.13].
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Proposition 2.5.5. Let A be an element of B(H). The following conditions are equiv-
alent:

(i) A is a trace class operator,
(i1) |A] is a trace class operator,
(iii) |A|}? is a Hilbert-Schmidt operator,
(iv) There exists Hilbert-Schmidt operators By, By such that A = By Bs.

We close this section with several results on convergence in _#,. The first one
is clearly an analog of the dominated convergence theorem. Note that we shall use
the convenient notation A® for A and for its adjoint A*. For example, the condition
|A®| < B means |A| < B and |A*| < B.

Theorem 2.5.6. Let A,,, A, B € B(H) with B self-adjoint. Assume that |A£:Z)| < B,
|A®| < B and that w — lim,, o, A,, = A. Then, if B € _Z, for some p < oo, then
| A — All, = 0 as m — oo.

A proof of this statement is provided in [Sim, Thm. 2.16]. The following result is
also proved at the end of chapter 2 of [Sim].

Theorem 2.5.7. Let p belongs to [1,00), and let {A,} C 7, and A € Z,. If w—
lim, oo An = A and lim,, o || Anll, = | Allp, then lim, . ||A, — A, = 0.

Let us mention that more generally, results like the previous one are a consequence
of the uniform convexity of some Banach spaces. We shall not go further in this direction
here.

Extension 2.5.8. Study the notion of uniform convezity for Banach spaces and deduce
from this notion the content of the previous theorem.

2.6 Usual trace

We can finally define the notion of trace, which extends the usual one on matrices. Based
on Proposition 2.5.4.(1) one infers that the domain for the “trace” which is closed under
A — |A| can only be #;. More precisely one has:

Theorem 2.6.1. Let A € 7, with its canonical decomposition A =" 1, (A)|gn)fnl-
Then for any orthonormal basis {hy} of H one has Y |{(hy, Ahy)| < 0o and

> (B, Ahy) Zun ){fus gn) =: Tr(A) (2.31)

15 independent of this basis. Moreover
Tr(A)] < [|A][x, (2.32)

the map A — Tr(A) is a bounded linear functional on #1, and for any A € _# and
B € B(H) one has Tr(AB) = Tr(BA).
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Proof. Let us set apm = (fn, hin) (P, gn) which is a dss matrix. Then > |onm| <1
for each n, and one has

Z |(hny Al )| = Z | [ 11 (A) < [ Ay

which directly proves (2.32). In addition, the absolute convergence of the last double
sum justifies an interchange in

Z (Puny Al Z Qi (A) = Z (Mn<A) Z anm) Z fin(A)(frs Gn)-

n

The linearity of the map A — Tr(A) follows again from the absolute convergence of the
sums. Finally, if B € Z(H) one has

Tr(AB) =Y (P, ABhy) =Y pta(A)(B" fur ) = Y _(hun, BAhy,) = Tr(BA). O

m n m

Corollary 2.6.2. If A€ ¢, and B € #(H), then one has
[Tr(AB)] < || BI| Tr(|A).
Proof. By the previous theorem one has
Tr(AB)| < [|AB|[y < |[BI[|Ally = [ BI| Tx(JAl)- O

From the duality theory for symmetric norm introduced just before Theorem 2.3.12
and from the results contained in this statement one easily gets:

Theorem 2.6.3. Let ® and @' be conjugate symmetric norms on c.. If A € Z¢ and
B e Jy, then AB € _#,. Moreover, for each fixed B € Z¢ the map A — Tr(AB)
is a bounded linear functional in Z¢ with norm ®'(B). If ®' is not equivalent to the
loo-norm, then every functional on /qﬁo) is of this form, that is (/450))* = Jo. In
particular, Z is a reflexive space if and only if both ® and ®" are regular. If ® is the
li-norm, then 7§ = B(H).

Since the trace on elements of _#; has now been defined in (2.31), a natural question
is about the equality
= M(A) (2.33)

where {\,(A)} corresponds to the set of eigenvalues of A, multiplicity counted. This
equality is indeed correct, but as emphasized in any textbook on the subject its proof
is surprisingly difficult. It has only been proved in 1959 by Lidskii. Note that the main
difficulty comes from nilpotent or quasinilpotent operators (an operator A satisfying
respectively A? = 0 for some n € N or o(A) = {0}). We do not provide the proof of
the equality (2.33) but suggest to study it as an extension:
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Extension 2.6.4. Study the proof the Lidskii’s theorem, namely the equality (2.33),
either from the information provided in [Sim, Chap. 3] or from any other reference.

One direct consequence of the equality (2.33) is contained in the following statement.

Corollary 2.6.5. If A, B € B(H) have the property that both AB and BA belong to
J1 (as for ezample if A € Fo and B € Fo for any conjugate symmetric norms on
), then

Tr(AB) = Tr(BA). (2.34)

Proof. As well known, and shown for example in [Sak, Prop. 1.1.8], the operators AB
and BA share the same spectrum, including the algebraic multiplicity, with the only
possible exception of 0. Thus, the equality (2.34) follows directly from this fact and
from (2.33). O

Let us add one more result related to integral operators which are trace class. Note
that the following statement does not contradict Theorem 2.5.2 since it is assumed from
the beginning that the operator is trace class.

Theorem 2.6.6. Let H = L*([a,b]) and let A € 7 be of the form [Af](z) =

f; k(x,y)f(y) dy for some continuous function k : [a,b] X [a,b] — C and all f € H.
Then

Tr(A) = / ’ k(z,7)dz.

The proof of this statement is provided in [Sim, Thm. 3.9] and is based on the
construction of an explicit basis for H := L?([a,b]). Many applications of the theory
developed so far could be presented. Quite a lot of them are presented in the subsequent
chapters of [Sim)].

Up to this point, the uniqueness of the above trace has not been discussed. In fact,
this uniqueness holds under an additional condition which we are going to introduce.
The following material is borrowed from [Les|, and we start by recalling an extension of
the notion of trace. Recall that if V' is a real vector space, then a map ® : V' — [0, 0]
is positive homogeneous if ®(Av) = AP(v) for any A > 0 and v € V, and is additive if
O(v+w) = P(v) + P(w) for any v,w € V.

Definition 2.6.7. A weight on B(H) is a map 7 : B(H)+ — [0, 00] which is positive
homogeneous and additive. Such a weight is tracial if 7(BB*) = 7(B*B) for any B €

Note that in some references a tracial weight is simply called a trace. However, let
us emphasize that a weight is only defined on the positive cone of Z(H), and it can
take the value co. Now, the trace Tr defined in (2.31) for any A € HB(H), is clearly
a tracial weight on Z(H), see also Proposition 3.4.3 and Corollary 3.4.4 in [Ped] for
the proof of this statement. In addition, if we define the subset of #(H), on which Tr
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is finite, one gets (_#1)+, and then its linear span leads to _#, as introduced in the
previous section.

Let us now show that up to a normalization constant this trace is the unique one
on the set .7 (H) of finite rank operators in H. In the present context, a trace T on a
complex algebra o7 is a linear functional &/ — C satistying 7(AB) = 7(BA) for any
A Be .

Lemma 2.6.8. Any trace on % (H) is proportional to Tr.

Proof. Let P,Q € Z(H) be rank one orthogonal projections, or in other words P =
F)(f] and Q = |g)g| for some f,g € H with ]| = g = 1. We now set T := |g}f]
which is still a finite rank operator and satisfies TT* = |g)g| = Q and T*T = |f)}f| =
P. Thus, if 7 is a trace on .% (H) one has

7(P) = 7(T"T) = 7(TT") = 7(Q),

which means that 7 takes the same value A\, € C on all rank one orthogonal projections.
Thus for any rank one orthogonal projection P one has

T(P) = Ay = A\ Tr(P).

Since any T € % (H) is a linear combination of rank one orthogonal projections, the
result follows by linearity of 7 and Tr. O

The properties of Tr mentioned so far are not sufficient for showing that any tracial
weight on Z(H) is proportional to Tr. The necessary additional property is normality,
as introduced below. Note that we shall also impose that 7(B) > 0 if B > 0, which is
a natural requirement.

Definition 2.6.9. A tracial weight 7 on B(H) is normal if for any increasing sequence
{B.} C B(H)+ such that s —lim, o B, = B € B(H)+ one has 7(B) = sup,, 7(B,).

One can now prove the following statement:

Theorem 2.6.10. (i) The usual trace Tr on B(H) is normal,

(11) If T is any normal tracial weight on B(H) then there exists a constant A, € [0, 00)
such that 7(B) = X\, Tv(B) for any B € Z(H),.

Note that an additional pathological case also exists: The tracial weight 7, is defined
by Too(B) = oo for any B € A(H)+ \ {0} and 7(0) = 0. In such a case one has
A, = 00. We shall not consider this case subsequently.

Proof. 1) Let { f,,} be an orthonormal basis of H and let s —lim,, ,o, B, = B in B(H).
be an increasing sequence. Then one has (f,, Bnfm) /* (fm, Bfm) for any m, and there-
fore sup,, {fmBnfm) = (fm, Bfm). It follows then from the monotone convergence theo-
rem for the discrete measure on N that

Tl“(B) = Z(frm Bfm> = Zsup<fma anm> = sup Z(fma anm> = sup TI(BN)'

m m
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ii) As in the proof of Lemma 2.6.8 one observes that 7 [ .#(H) = A\, Tr | F(H) for
some A\, € [0,00). Let us now choose any increasing sequence {P, },en of orthogonal
projections with the dimension of Ran(P,) equal to n. Then, given any B € Z(H).
one can consider the increasing sequence {BY/2P,BY/?},cy C .Z(H) which converges
strongly to B. Since 7 is assumed to be normal we get

7(B) = sup 7(B"2P,B"?) = sup A, Tr(B'*P,B'/?) = \. Tr(B). O

The conclusion of the previous construction is that on %(H) and up to a multiplica-
tive constant, the only tracial normal weight is Tr. If we drop the condition of normality,
this is not the case, as shown in the next chapter. Note finally that the previous proof
is based on the fact that the strong closure of JZ (H) is #(H) itself. In other contexts,
such an approximation argument might not be available.
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Chapter 3

The Dixmier trace

The aim of this chapter is to present the construction of Dixmier of a non-normal tracial
weight on Z(H). Even if the paper of Dixmier [Dix] is only 2 pages long, we will use more
pages for understanding and explaining the details. One reason for devoting so much
time for this construction is that this trace had an enormous impact on the program
of A. Connes in non-commutative geometry, and also several interesting applications.
Such developments will be presented in the following chapters.

Before starting with the construction, let us just mention another non-trivial (but
non-interesting) non-normal tracial weight on #(H). For any B € Z(H), we set

[ Tx(B) if Be Z(H)
m(B) = { o if Bg.F(H).

Note that the Dixmier trace will not be of this form. One of its special features is to
vanish on the usual trace class elements of Z(H).

3.1 Invariant states

The construction of the Dixmier trace relies on an invariant state on (o, = (. (N). We
provide now some information on such a state, following closely the paper [CS1] to
which we refer for part of the proofs.

A state on £, consists in a positive linear functional w : £, — C satisfying w(1) = 1.
Here we use the notation 1 for the element (1,1,1,...) € £, and recall that the last
condition implies that ||w|| = 1, see [Mur, Corol. 3.3.5]. Clearly, ||w|| denotes the norm
of w as an element of £, (N)*. We also recall that positivity means that w(a) > 0 for any
a = (a,) € Uy satisfying a,, > 0 for any n € N. The set of all states on ¢, is denoted
by S(leo).

By the positivity of w and its normalization, let us already observe that for any
real-valued a € /, one has

i%f a, < w(a) < supa,. (3.1)

We refer to [Lor] for a general introduction on states on /...

47
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Let us now introduce three operations on /.., namely the shift operator S : {,, —
ls, the Cesaro operator H : /o, — l, and the dilation operators D,, : £, — (. for
any n € N defined by

S(<a1aa'27a37---)) = (a27a37a47"')7
H((a1,a2,&3,...)> <a17a1+a2 a1+a2—|—a37”‘>’

2 3
Dn((al,ag,ag,...)) (gl,...,alj,ag,...,a%,...).

~\~ N~
n n

The following properties of these operations can easily be checked:

Exercise 3.1.1. The three operators S, H, D,, : o, — U leave the positive cone ({o)
invariant, leave 1 invariant and have norm 1. In addition, {D,} is an Abelian semi-

group.
More interesting relations can also be shown:
Extension 3.1.2. The following properties hold:
(i) D,S = S¢D, for anyn € N,
(it) (HS — SH)(a) € ¢y for any a € lu,
(111) (HDn — DnH)(&) € ¢y for any a € L.

The shift operator allows us to introduce an important concept on S(¢..): A state
w on {y, is called a Banach limit if it is invariant under translations, namely if w(Sa) =
w(a) for any a € l. As a consequence of this property a Banach limit always satisfies
w(a) = 0if a € ¢g. The set all Banach limits will be denoted by BL({~,). Note that for
Banach limits the inequalities (3.1) can be slightly improved, namely
liminfa, < w(a) < limsup a,. (3.2)
n—00 n—00

Subsequently we shall prove the existence of invariant states. The main argument
in the proof is the Markov-Kakutani fixed point theorem, that we first recall.

Theorem 3.1.3 (Markov-Kakutani). Let M be a locally convexr Hausdorff space and
let Q be a non-empty compact and convex subset of M. Let F be an Abelian semigroup
of continuous linear operators on M which satisfies F(Q) C Q for any F € Z. Then
there ezists an element x € Q) such that F(x) = x for all F € Z.

We shall now use this theorem for the space (EOO(N))* endowed with the weak™-
topology. The following statement and proof is borrowed from [CS1, Thm. 4.3].

Theorem 3.1.4. There exists a state @ on U such that for alln > 1 one has

woS=woH=woD, =Q.
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In the following proof, we shall use the convenient notations
S'w:=woS, Hw=woH, Diw=woD, VweS ().

Proof. Let us set Q := BL({y), which is the set of Banach limits, and observe that
it is convex and weak*-compact, by Banach-Alaoglu theorem. Let us also observe that
D (90) C Q. Indeed by the content of the Extension 3.1.2 one infers that S*D} =
D#(8*)4, and therefore for any w € €

S*(Diw) = D:(S*)%w = Diw

which implies that D}w belongs to €y, bt its definition. As a consequence, one can
apply Theorem 3.1.3 to the set 2 and to the Abelian semi-group {D}}. The resulting
set of fixed points will be denoted by €21, namely

Q1 :={weS(ls) | S*'w=wand Djw =w Vn € N}.

This set is non-empty, and again it is convex and weak*-compact.

Let us now show that H*(€;) C Q. Recall that for any w € BL({,) and any a € ¢
one has w(a) = 0. One then infers again from Extension 3.1.2 that for w € Q; and any
a € -, one has

(D H'w — H* D;w)(a) = w((HD, — DuH)(a)) = 0.

As a consequence it follows that D! H*w = H*D}w = H*w. Similarly, one also gets
from Extension 3.1.2 that S*H*w = H*w for any w € §2;. These two properties imply
that H*w belong to 4, or equivalently H*(£2;) C ;. By applying once again Theorem
3.1.3 to the set ©Q; and to the semi-group {(H*)¢} we conclude that there exists & €
such that H*@w = @. Such a state w satisfies all the requirements of the statement. []

3.2 Additional sequence spaces

Let us still introduce some additional sequence spaces which complement the ones
already introduced in Examples 2.3.10. These spaces were not mentioned in the paper
[Dix] but one of them will appear naturally in this context. Note that in Chapter 2 we
concentrated on normed ideals. However, the Calkin correspondence in Theorem 2.4.5 is
much stronger since it does not require to speak about norms. Here we take advantage
of this fact.

First of all, for any p > 1 recall that

bpw={a€cy|a} € O(n_l/p)}.

This clearly defines a Calkin space, see Definition 2.4.4. The corresponding two-sided
ideals of Z(H) is denoted by _#,.,. Note that these spaces are also often denoted by
lp o and &, ., and one has

Lo ={A € H(H) | pn(A) € O(n7) }. (3.3)
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For applications, the space %} o, is the most important one of the above family.
Note that one can define a quasi-norm' on this space by the formula

[All1,00 = sUp np1, (A).
n>1

For an increasing and concave function ¢ : [0, 00) — [0, 0o) satisfying lim,\ g ¢ (z) =
0 and lim,_,, ¥ (z) = oo we define the Lorentz sequence space

d

1
My = <3a € c allm., :=sup —— a”f<oo}. 3.4
o= {acallal, P ) 2 % (3.4)

Examples of such functions ¢ are z — z* or z — (In(z+1))® for any a € (0, 1]. Again,
my is a Calkin space, and the corresponding two-sided ideal is denoted by _#,. Note
that in the special case ¢ (z) = In(z + 1) the notations m; o, and .4} » are also often
used in the literature, and one has

My oo = {A € H(H) [ swp s i } (3.5)

n>1

Remark 3.2.1. The notations in the literature are not fully fized and one has to pay
attention to the definition used in each paper or book. The spaces L) o and M1~ are
often presented with different notations. We refer also to the Example 1.2.9 in [LSZ].

Exercise 3.2.2. Show that the following inclusions hold: {1 C {1 o C My . For that
purpose one can also look at [LSZ, Lem. 1.2.8].

3.3 Dixmier’s construction

Even if the following proof does not correspond exactly to the content of [Dix] it is very
close to it. For the arguments we mainly follow [Les, Sec. 2.3] and [CS1, Sec. 5.1].

Theorem 3.3.1. Let w be a state on £, which vanishes on ¢y and which is invariant
under Dy. For any A € (%17w)+ let us set

Tr,(A) = w <1nn+ i neN). (3.6)

Then Tr,, extends by linearity to a non-trivial trace on M ~, and by setting Tr,(A) = co
forall A e B(H)+\ (.///1700) one extends Tr,, to a non-normal tracial weight on B(H).
If Ae #i, then Tr,(A) = 0.

!A quasi-norm ® on a complex vector space V is a map V — R, which satisfies for any V and
A € C the following properties: i) ®(Aa) = [A|®(a), ii) ®(a + b) < c(P(a) + (b)) for some ¢ > 0,
ili) ®(a) = 0 if and only if a = 0.
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Before starting with the proof, let us mention that the existence of a state on
satisfying the condition required by this theorem is already a consequence of Theorem
3.1.4. In fact, the states mentioned in this theorem satisfy an unnecessary condition
related to the Cesaro operator H. The larger subset §2; of states mentioned in the proof
of Theorem 3.1.4 is also suitable for our purpose. Let us also mention that alternative
notations are often used for (3.6) as for example

M&

Tr,(A) =w — 1
ro(4) =w nl—g}olnn#—l

d
) =1i 3.7
lognlnn—l—l z:: (3.7)

One reason for these notations is that if the sequence (m Z;l:l ,uj(A))neN has a

limit, then one has Tr,(A) = lim,, . m Z?Zl i(A). This property clearly follows
from the facts that w(1) = 1 and that w(a) = 0 for any a € .

The proof of the above statement is divided into several lemmas and exercises. For

each of them, the assumptions of Theorem 3.3.1 are implicitly taken into account. First
of all, recall that the notions of positive homogeneous and additive have been introduced
just before Definition 2.6.7.
Lemma 3.3.2. Tr,, s positive homogeneous and additive on (,///1,00)+.
Proof. Homogeneity property directly follows from the property p,(AA) = Au,(A)
for any A > 0. The proof of the additivity is much more difficult and will use the
assumptions made on the state w.

i) For shortness let us set

on(A) = Z,uj(A) for any A € ¥ (H),, (3.8)

j=1
and observe that for any A, B € # (H) and any n € N the following inequalities hold:
on(A+ B) < 0,(A) 4+ 0,(B) < 09,(A+ B). (3.9)

Their proof is quite similar to the min-max principle introduced in Theorem 2.2.1.
Indeed, one easily observes that

0,(A) = sup {Tr(AP) | P € P(H) with dim(PH) =n}.

The first inequality follows then directly from this observation and from the linearity of
the trace Tr. For the second, fixed any € > 0 and let P4, Pg be such that dim(PsH) =
n = dim(PgH) and Tr(AP,) > 0,(A) — € and Tr(BPg) > 0,(B) — ¢. By setting P for
the orthogonal projection on P4’H + PgH (often denoted by P := P4 V Pg) then we
infer that

Tr((A+ B)P) = Tr(AP) + Tr(BP) > Tr(APa) + Te(BPg) > 04(A) + 0,(B) — 2e.
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Since dim(PH) < 2n and since ¢ is arbitrarily small, one gets
o9.(A+ B) > Tr((A+ B)P) > 0,(A) + 0,(B)

which corresponds to the second inequality of (3.9).
ii) Let us now define a, b, c € (., by

1 1 1

= ,(A), by = ——— 0, (B), and ¢, \= ———0,(A + B).
¢ ln(n—i—l)g (4) ln(n—i—l)a (B), and c 1n(n+1)0 (4+B)
Then the inequality (3.9) reads

cn < a,+b, < llnn(f:jll)) Con.- (3.10)

The first inequality together with the positivity of the state w directly leads to the
inequality Tr,(A+ B) < Tr,(A)+Tr,(B) for any A, B € (///1,oo)+. On the other hand,

In(2n+1)

= 1 and since w vanishes on ¢y we infer that
In(n+1)

w((CQn)neN) =w ((1?11((2::11)) C2n)neN>‘

Thus, since we will show below that w((c2n)nen) = w((¢n)nen), one infers from (3.10)
that w(a) + w(b) < w(c), or in other words that Tr,(A) + Tr,(B) < Tr,(A + B). The
two inequalities obtained above prove the additivity of the map Tr,,.

iii) It remains to show that

w(<c2n)ﬂ€N) = w((cn)nEN)- (311)

For that purpose, let us simply write the Lh.s. by W((Czn>), and observe that by the
invariance of w under D, one has

since lim,,_,~

w((C2n)) = W(D2(C2n)) = W((C2, C2,C4,Cy4,Cq,Cg, - - - ))
Then, since w(a) = 0 for any a € ¢y, it is sufficient to show that
(627 C2,C4,Cy4,Cq,Cg, - - . ) - (617 C2,C3,C4,C5,C, . .. ) € ¢

in order to obtain (3.11). Thus, we are left in proving that lim,, . (cgn — CQn,l) =0.
By the definitions of quantities introduced so far one has

Con — Cop—1

1 1
= ———09(A+B) — ———09,-1(A+ B)

In(2n + 1) In(2n)
1 1 1
- <1n(2n + 1) - ln(2n))02n—1(14 + B) + mugn(fl + B)

Clearly, the second term on the last line tends to 0 as n — oo. For the first term of the
last line, since A, B € (,///1700)+, one infers that oy, 1(A+ B) = O(ln(2n)). Then, since

(1n(2711+1) — 1n(12n)) = o(m) one deduces that the first term goes to 0 as n — oo as

well. This completes the proof of the statement. n
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Before extending the map Tr,,, let us observe that this map is non-trivial.

Exercise 3.3.3. Show that there exists an element A € (//Zl,oo)Jr which satisfies
Tr,(A) = 1.

By linearity, the map Tr,, can then be extended to any element of .#; . More
precisely, for any self-adjoint B € .  we set Tr,(B) = Tr,(B;) — Tr,(B-), and
the Dixmier trace for an arbitrary B € .#) o is defined by Tr,(B) = Tr, (%(B)) +
iTr,((B)). In addition, by setting Tr,(A) = oo for all A € B(H), \ (M), one
gets that Tr,, is a weight on Z(H). Also, since p;(BB*) = p;(B*B) for any B € J# (H)
and when these expressions are different from 0 one easily infers that Tr, is a tracial
weight on B(H)

Exercise 3.3.4. Show that for any A € M\ one has |Tr,(A)| < |A|l.4.o, with

1

d
A —sup (A).
Al i}i}?ln(n+l);u]( )

Exercise 3.3.5. Show that for any A € #; one has Tr,(A) = 0.

As a consequence of the statement contained in the previous exercise, the tracial
weight Tr,, is non-normal, see Definition 2.6.9. Indeed, any approximation of a compact
operator by finite rank operators would lead to a trivial trace Tr,,. It only remains to
show that the Tr, is a trace on ) .

Lemma 3.3.6. For any A € M\ and B € B(H) one has Tr,(AB) = Tr,(BA).

Proof. Recall that every element of #(H) can be written has a linear combination of
four unitary operators, see for example [Mur, Rem. 2.2.2]. Thus, by linearity it is suffi-
cient to show that Tr,(AU) = Tr,(UA) for any unitary U € Z(H). In addition, since
A itself is a linear combination of positive operators, if is sufficient to show the previous
equality for positive A. Now, such an equality follows directly from the observation that
11 (AU) = p;(UA) = p;(A) for any j € N. O

Let us finally observe that the trace Tr,, is a symmetric functional in the following
sense: If A, B € (//1,oo)+ satisty p,,(A) = p,(B) for any n € N, then Tr,(A) = Tr,(B).

Remark 3.3.7. The construction above is based on an invariant states w and on the
use of the function n — In(n + 1). It it natural to wonder how much freedom one has
for these choices, and how many different Dizmier traces exist ? Deep investigations in
that direction have recently been performed and lot’s of material has been gathered in
[LSZ]. In the next section we present part of this material.

3.4 Generalizations of the Dixmier trace

In this section we recast the construction of the Dixmier trace in a more general frame-
work, as presented in [SU, SUZ1].
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3.4.1 Extended limits

The first step consists in using the more developed theory of extended limits on L*>
instead of states on . More precisely, we shall consider L*(R) and L*(R.) as the
set of essentially bounded Lebesgue measurable functions on R and R, endowed with
the norm || f|loc = ess sup,er|f(7)] or [|f]le = ess sup,cg, |f(7)| respectively. One aim
for considering more general extended limits is to analysis the dependence on w of the
r.h.s. of (3.6).

In analogy to the operations acting on /¢, we start by introducing the translation
operators, namely for any y € R we define the operator T, : L>°(R) — L*(R) by the
relation

[Ty f1(z) == flx+y), feL=R)

We can now set:

Definition 3.4.1. A linear functional w on L*(R) is called a translation invariant
extended limit on L>®(R) if the following conditions are satisfied:

(1) w is positive, i.e. w(f) > 0 whenever f € Ly, satisfies f >0,

(11) w(1) =1 where 1 is the constant function equal to 1 in L>*(R),
(1ii) W(X(—o0,0)) = 0 where X(—sc0) corresponds to the characteristic function on R_,
(v) w(T,f)=w(f) for everyy € R and f € L>®(R).

Let us note that a more appropriate name would be an extended limit at +00 since
the behavior near —oo does not really matter.

Exercise 3.4.2. Show that if lim, ., f(x) exists, then one has w(f) = lim, . f(x),
which justifies the name extended limit. For that purpose, one can start by showing that
if f € L>®(R) has support on R_, then w(f) = 0.

The following functional has been introduced and studied in [SUZ1, Sec. 3]. For any
real-valued f € L*(R) we set

pr(f) := lim sup — /fy+h (3.12)

Tr—r00 h>0 X

Note that the index T refers to translation. The main utility of this functional is con-
tained in the following statements, whose proofs are given in [SUZ1, Thms. 13 & 14].

Theorem 3.4.3. For any uniformly continuous and real-valued function f € L®(R)
the following equality holds:

[—pr(—f {w ) | wis a translation invariant extended limit on LOO(R)}.

Note that the assumption about uniform continuity is necessary. As a consequence,
one infers a continuous analogue of the classical result on extended limits of [Lor].
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Theorem 3.4.4. Let f be a uniformly continuous and real-valued function f € L*(R)

and let ¢ € R. The equality w(f) = ¢ holds for every translation invariant extended
limits on L>®(R) if and only if

1 x
lim — [ fly+h)dy=c

uniformly in h > 0.
Extension 3.4.5. Study the previous two theorems and their proof.

Let us now switch from extended limits on L>(R) to extended limits on L®(R.).

Again, by analogy with the operation acting on /., we can introduce the dilation oper-
ator by 8> 0 by 015 : L*(R;) = L>*(R,) defined by

[01/6f1(z) == f(Bz), fe€LZRy).
In this framework, the notion of dilation invariant extended limit is provided by:

Definition 3.4.6. A linear functional w on L*(R.) is called a dilation invariant ex-
tended limit on L>(R,) if the following conditions are satisfied:

(1) w is positive,
n) w = 1 where 1 18 the constant junction equal to 1 in ,
7 1 1 wh 1 is th ) [tolin L>®(R,
(iii) w(X(0,1)) = 0 where x (1) corresponds to the characteristic function on (0,1),

(iv) w(oaf) =w(f) for every >0 and f € L*(Ry).

Obviously, Definitions 3.4.1 and 3.4.6 have been chosen such that there is a one-
to-one correspondence between them. Indeed if w is a translation invariant extended
limit on L*(R), then the linear functional exp*w defined on any f € L>*(R,) by
lexp* w](f) := w(foexp) is a dilation invariant extended limit on L*>(R, ). The converse
statement also holds, by using a logarithmic function.

Exercise 3.4.7. Fiz the details of the previous observation.

By analogy to (3.12) it is now natural to introduce the functional on any real-valued
f € L®(R,) by

po(f) = lim sup — / ) f(@y)% . (3.13)

700 g>1 In(7)

From the previous correspondence and from Theorems 3.4.3 and 3.4.4 one directly
deduces that:

Theorem 3.4.8. For any real f € L>®(R,) such that f o exp is uniformly continuous
on R, the following equality holds:

[—pp(—=f),pp(f)] = {w(f) | w is a dilation invariant extended limit on L™(R,)}.
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Theorem 3.4.9. Let f € L>®(R) be real and such that foexp is a uniformly continuous
function on R, and let ¢ € R. The equality w(f) = ¢ holds for every dilation invariant
extended limits on L>(R,) if and only if
_ 1 v dy
lim o [ #onY =e
1 )

z—00 111(5(:)

uniformly in B > 1.

3.4.2 Additional spaces on R,

In this subsection we mention the analogue of the sequence spaces introduced in Section
3.2 but in the continuous setting. As a first step and in order to take benefit of R,
instead of N let us provide an extension of the function p giving the singular values of
any A € # (H). More precisely, for any A € J# (H) let us set

(-, A) = Z 1 (A)x (=15 () (3.14)

Clearly, this function is non-increasing and satisfies the equality p(n, A) = p,(A) for
any n € N. It is natural to call u(-, A) the singular values function of A.

Remark 3.4.10. A slightly different but more common definition for this function could
be given by
pu(t, A) :=1inf {s >0 | Tr(x(s.00)(|A])) <t} (3.15)

where X(s,00)(|A])) denotes the spectral projection associated with |A| on the interval
(s,00). Clearly, Tr (X(s,oo)(’AD) gives the number of eigenvalues of | A| inside the interval
(s,00) multiplicity counted. Thus, for a given t > 0 the r.h.s. of (3.14) provides the
minimal value s such that |A| has t eigenvalues in the interval (s, 00). With the notation
of (3.14) this function is equal to 377 | 1;(A)x(j-1,5) (), and thus p(n, A) would not be
equal to p,(A) but to pn1(A). By changing our convention on the index of the singular
values (and starting with po(A) instead of p1(A)), one could have used (3.15). Note
that the interest in (3.15) is that it extends quite straightforwardly to the more general
context of semi-finite von Neumann algebra endowed with a semi-finite normal trace,
see [LSZ] for this general framework.

Let us now denote by Wi (R,) the set of increasing and concave functions v :
R, — R, satisfying lim, .0 (z) = 0 and lim,_,., ¥(z) = co. In the present context
and for any ¢ € W€ (R,) it is natural to define the Lorentz ideal ., by

con

oty ={aex00 1Al = s o [t yay <o} 319

Also, when ¢(x) = In(1 4 z) the Lorentz ideal will be denoted by .# . This ideal is
sometimes called the Dizmier ideal. The spaces £, », are then defined for any p > 1 by

Lo ={A € H(H) | supa'/Pu(z, A) < 0o} (3.17)
>0
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3.4.3 Dixmier traces

In this subsection we generalize the construction of Dixmier by considering dilation
invariant extended limits on R, . Recall that the notion of weight has been introduced
in Definition 2.6.7 and corresponds to a positive homogeneous and additive functional.

Definition 3.4.11. Let w be a dilation invariant extended limit on L>®°(R,) and let
Y € Ui (Ry). If the functional Ty, : (My)y — [0,00) defined on A € (My) 4 by

con

Tr,(A) == w(x — ﬁ /Ow w(y, A) dy) (3.18)

is a weight on My, then ils extension by linearity on .#y is called a Dixmier trace on

My,

Based on a rather deep analysis, the following result has been proved in [DPSS,
Thm. 3.4] and in [LSZ, Thm.6.3.3]. Note that the result is in fact proved in a slightly
more general context, namely without referring to compact operators and to the spe-
cific functions p(-, A). In addition, more precise information on the functional Tr,, are

provided in [DPSS].

Theorem 3.4.12. The Lorentz ideal Ay, admits non-trivial Dizmier traces if and only
if the function ¢ € U (R,) satisfies the additional condition

con

=1. (3.19)

Before going on, let us compare this result with the result obtained in the previous
section. Here we consider arbitrary ¢ € U (R, ) while in Section 3.3 only the special

con

case ¥(x) = In(z + 1) was considered. In addition, the properties

In(2n + 1)
im ————= =
n—oo In(n + 1)
1 N ( 1 )
In(2n +1) In(2n) ¢ In(2n + 1)

have been explicitly used in the previous proof. In the result mentioned above, only
the condition (3.19) is necessary. In addition, since the above result corresponds to a
necessary and sufficient condition it can be considered as a rather deep extension of the
construction of Dixmier.

Our next aim is to characterize the dilation invariant extended limits which generate
a Dixmier trace on .#,. For that purpose, the following definition is useful.

Definition 3.4.13. For any v € ¥ (R.), a dilation invariant extended limit w on

con

L>®(R,) is @-compatible or compatible with v if

b(21)
@) !

w<x|—>
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With this definition at hand, the following result has been proved in [KSS, Thm. 10]
or in [SU, Thm. 2.15].

Theorem 3.4.14. Let v € U (R,) satisfying condition (3.19). Let w be a dilation
invariant extended limit on L™ (Ry) which is compatible with 1. Then the functional

Tr,, defined by (3.18) on (Ay)+ defines a non-normal Dizmier trace.

In fact, a stronger statement has been proved in these references. First of all, if the
functional defined by (3.18) defines a Dixmier trace, then the corresponding state w
is 1)-compatible. In addition, to any normalized fully symmetric functional ¢ on .#,
one can associate a dilation invariant extended limit on L*(R,) such that Tr, = ¢.
Since the notion of fully symmetric has not been introduced here (but corresponds to
the property appearing in Theorem 2.3.11.(b) in the restricted setting of Section 2) we
shall not go further in this direction.

It is now time to show that the continuous approach considered in this section
coincides with the discrete approach of Section 3.3.

Exercise 3.4.15. Show that if ¢(x) = In(xz + 1), then Theorem 3.3.1 and the results
presented in this section are equivalent.

Up to now, one question has not been discussed: how many values can one generate
by Tr,(A) for different dilation invariant extended limits w ? In order to answer this
question, let us first introduce the following definition:

Definition 3.4.16. Let ¢ € V"¢ (R, satisfying condition (3.19). An operator A € My

is called Dixmier measurable if all values of the Dizmier traces Tr,(A) coincide.

Let us also recall that for any A € .#,; one has the unique decomposition A =
Ay — Ay + A3 — 1Ay with each Aj € (Ay)+. It then follows that

Tr,(A) = Tr,(Ay) — Try,(As) + iTr, (As) — iTr, (Ag)

— (oo i [0 40) = o Ao) i A) = i A0) )

:w<x > ﬁ/jﬁ(y,/l)dy)

with Ay, A) == p(y, A1) — p(y, A2) +ip(y, As) — ip(y, As). Since the function
1 / v
fi(y, A)dy
¥(x) Jo ( )
is absolutely continuous, we can then use the criterion introduced in Theorem 3.4.9 and
infer (see also [SUZ2, Cor. 3.2]) :

Theorem 3.4.17. Let ¢ € U (R,) satisfying condition (3.19). An element A € My

18 Dixmier measurable if and only iof the limit

x By
Jm ln?x) /1 (w(;y)/o iz A) dz)%

exists uniformly in B > 1. If so, Tr,(A) is equal to this limit for all Dizmier traces.

T +—r
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Let us finally mention that for positive operators, the above condition can be sim-
plified, but the condition on %) is slightly more restrictive.
Theorem 3.4.18. Let ¢ € V¢ (R,) satisfying the condition limxﬁw% = 1. An

element A € (My)+ is Dizmier measurable if and only if the limit

1 x
im —— A
lim ¢<x>/0 (y, A)dy

exists. If so, Tr,(A) is equal to this limit for all Dizxmier traces.

As a final remark, let us recall that this theory can be applied to a large class of von
Neumann algebra instead of #(H ). However, one has to be cautious with the hypotheses
in all the statements since counterexamples have been constructed for checking the
optimality of several results. Some of them are recalled in the reference [SU] which has
been the main source of inspiration for this section.
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Chapter 4

Heat kernel and (-function

In this chapter we present the links between the Dixmier traces and two other func-
tions which are also quite well-known. Some additional definitions or results skipped
in Chapter 3 will be introduced on the way. First of all, the notion of symmetric or
fully symmetric linear functional can not be avoided any further. Recall that for any
A € & (H) the function p(-, A) has been introduced in (3.14).

Definition 4.0.19. Let .#, be a Lorentz ideal introduced in (3.16), and let ¢ be a
linear functional on M.

(1) @ is symmetric if for any A, B € My with A >0, B > 0 and satisfying (-, B) =
pu(-, A) one has ¢(B) = ¢(A),

(i1) ¢ is fully symmetric if for any A, B € My with A > 0, B > 0 and satisfying
Jo 1y, B)dy < [ u(y, A)dy for any x > 0 one has ¢(B) < ¢(A).

Note that for the notion of a symmetric norm on /., had already been introduced in
Definition 2.3.8 and coincide with the previous one in the discrete setting. On the other
hand, the notion of fully symmetric functional was only mentioned in Section 3.4.3
but Was not further developed at this place. However, the inequality f; y,B)dy <
fo A)dy corresponds to the notation B < A in the discrete setting of Sectlon 2.3.
Note finally that a fully symmetrlc linear functlonal @ is automatically positive since
0 < A implies that 0 = fo 0)dy < fo A) dy for any x > 0, from which one
infers that 0 = ¢(0) < p(A).

4.1 (-function residue
For a positive operator A the corresponding (-function is defined by the map
s+ ((s) == Tr(A®)

whenever this expression is meaningful. For example if there exists sg > 1 such that A
belongs to the trace class ideal _#;, then the previous expression is well-defined for any

61
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s > sg. A rather common assumption on A is to assume that A® € ¢#; for any s > 1
and to study the asymptotic behavior of (s — 1)((s) as s \, 1. For example if A € _#,
then the limit clearly exists and is equal to 0. The aim of this section is to consider more
general positive operator A and to relate the limits (suitably defined) at s = 1 with
some Dixmier traces. Here suitable means that we shall consider the limits in a broad
sense, namely with the notion of extended limits already used in the previous chapter.
Note that for convenience and in order to stay closer to the notations introduced so far,
we shall replace the parameter s by 1 + 1/ and consider the limit z — 0.

First of all, recall that an extended limit v on L*(R,) is a positive element of
L>®(R)* satisfying v(1) = 1 and such that y(f) = 0 whenever f € L>*(R,) has
compact support. Then, for any extended limit 7y on L>°(R, ) one can define the function
Gy : (///1,00)+ — R, by

G (4) =7 (2 1Tr(AHl/I)). (4.1)

T

Our first duty is to check that this expression is well-defined. For that purpose, we
shall need a result of which can be useful in other context. Its proof can be found in
[Fac, Lem. 4.1].

Lemma 4.1.1. Let py,ps : Ry — R be two decreasing and upper-bounded functions
satisfying for any x > 0

/Oxm(y)dy < /Omm(y)dy-

Then, for any conver and increasing function f: R — R and for any x > 0 one has

/Oz S (y))dy < /Ogc S (u2(y)) dy.

Note that if 1 and ps takes values in R, an important example for the function f
consists in the map Ry > x + ! for any ¢ > 1.

Lemma 4.1.2. For any extended limit v on L*(R) and for any A € (ﬁ//{l’oo)Jr one
has (,(A) < oco.

Proof. Observe first that if C' is trace class and positive, then
TH(C) = S M(C) = S ml©) = [ nlw. Oy
. . 0
J J

where the function u(-,C) was introduced in (3.14). Thus, for any C' > 0 such that
C1+e e 7, for some x > 0, one deduces by functional calculus that

Te(CHY7) = / ply, C) 7 dy. (4.2)
0
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On the other hand, for any A € (///Loo) one has
su A)dy =: |All1 o
z>181 (Z 1) 0 MY, Yy 1,
which implies that for any z > 0

Al o
14y

| )y < A1) = (43)
0 0

Now, by taking these results into account as well as the content of the previous
lemma one infers that

(9] 00 A o 1+1/x
Tr(A1+1/x) :/ u(y,A)lH/:‘dy S/ <H1 ||1, ) dy
0 0 +y

e 1
1+1/z 14+1/x
= ”AHLOO/ /0 Wdy = IHAHLOO/ .

As a consequence of this inequality and since 7 is an extended limit one directly gets

that ¢ (A) < [|Al1.00- O

The main property of the map ¢, is summarized in the following statement whose
proof can be find either in [LSZ, Thm. 8.6.4] or in [SZ, Thm. §].

Theorem 4.1.3. For any extended limit v on L>(Ry) the map ¢, extends by linearity
to a fully symmetric linear functional on M .

Let us just mention that for the linearity it is sufficient to show that ¢, is a weight
on (,///1100) o namely that it is positive homogeneous and additive, see Definition 2.6.7.
The map ¢, is sometimes called a ¢-function residue.

As already mentioned at the end of Chapter 3, the set of all normalized (i.e. of
norm 1) fully symmetric linear functionals on . , is in bijective correspondence with
the set of all Dixmier traces, as defined in Definition 3.4.11. This statement corresponds
to the main result of [KSS|. We are naturally led to the following result.

Corollary 4.1.4. For any extended limit v on L>°(R,) there exists a dilation invariant
extended limit w on L>®(Ry) such that

Gy = Try,.

It is then natural to wonder about the relation between v and w. In fact, a sim-
ple relation has been exhibited only in a restricted setting, see [SZ, Thm. | or [LSZ,
Thm. 8.6.8]. For stating the result, let us recall from Section 3.4.1 that starting from a
translated invariant extended limit w on L*(R) we have defined a dilatation invariant
extended limit exp*w on L*(R,). Conversely, starting from a dilation invariant ex-
tended limit w on L*°(R, ) one easily observes that defining In* w by [In* w](f) = w(foln)
we get a translation invariant extended limit on L*°(R). Note that this extended limit
is often denoted by w o In but we shall avoid this ambiguous notation.
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Theorem 4.1.5. Let w be a dilatation invariant extended limit on L= (R,) and assume
that the extended limit In* w is also dilation invariant on R,. Then one has

Cln* w = Trw'

Remark 4.1.6. In Corollary 4.1.4 it is claimed that one can associate to every (-
function residue constructed with an extended limit v on L*(R,) a Dizmier trace Tr,,.
Howewver, let us mention that the converse is not true, namely the set of Dizmier traces
on M o is strictly larger than the set of C-function residues. We refer to [LSZ, Sec. 8.7]
for more explanations and for a concrete counterexample.

Let us close this section with a result about the uniqueness of the values taken
by the (-function residues. This result will complement the one already mentioned in
Theorem 3.4.18. Its proof can be found in [CS2, Thm. 7]. Recall that the notion of
Dixmier measurable has been introduced in Definition 3.4.16 and means that all values
obtained by Tr,(A) are the same, for all dilation invariant extended limits w.

Theorem 4.1.7. For any A € (///1700)+ the following conditions are equivalent:
(i) A is Dizmier measurable,
(i1) The limit Wm0 oy Jy 0y, A)dy exits,

(153) The limit lim,_, %Tr(AlH/Z) exits,

(iv) The limit limg (s — 1)Tr(A*) exits,

Furthermore, if any of these conditions is satisfied, all limiting values exist and coincide
with Tr,(A) for any dilation invariant extended limit on L>®(Ry). These values also
coincide with the limit limg 4 (s — 1)(,(s) for any extended limit v on L>(R,).

4.2 The heat kernel functional

The (-function mentioned in the previous section shares many properties with the heat
kernel functional that we shall briefly introduce here. For a positive operator A the
corresponding heat kernel function is defined by the map

s — Tr(exp(—sA™))

whenever such an expression is meaningful. Since the behavior of this function is usually
studied around 0, we shall replace the parameter s by 1/x and consider the map x —
LTr(exp(—(zA)™h)).

In order to study this function, we introduce the logarithmic mean M : L*(R,) —
L>®(Ry) defined for f € L*(R,) and any x > 1 by

MA@ = s [ (4.4
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With this definition at hand, we define for any extended limit w on L*(R, ) the func-
tional &, : (///1700)Jr — R, by

£u(A) = (wo M) (x > %Tr(exp(—(a:A)_l))) (4.5)
In the next statement we ensure that the above expression is well defined.
Lemma 4.2.1. Let A € (%1,m)+ and consider w an extended limit on L>(R)
(i) The image by M of the function z +— LTr(exp(—(zA)™")) belongs to L=(R),

(ii) The following equality holds

1

mTr(A exp(—(xA)_l))>

¢u(A) = w(as —

where &,(A) is defined by (4.5).

Proof. 1) Let us first consider A € (M), and pu(y) = [|All1 oy, for any y > 0.
Then, by the inequality (4.3) one has for any z > 0

“ 1Al 00

Ty dy:/ozu(y)dy- (4.6)

/ w(y, A)dy <
0

1

For any fixed > 0, since the function f : R, — R, defined by f.(z) := ze~(#2)"
is convex and increasing on R, we infer from Lemma 4.1.1 and from the functional
calculus of self-adjoint operators that for any = > 0 one has

Tr(Aesp(—(e) ) = [ fo(uly. ) dy

0
§/0 J=(p(y)) dy
:/ 1(y) o~ (@ny) ™! dy
0

:/OO I A|]1.00 1 @A) (14) a
0 ’ 1+y

o 1
= ||A||17oo/ —e*dz
(@l All1,00)71 2

< oQ.

One thus deduces that Aexp(—(zA)~!) € #; and that

Tr(Aexp(—(zA4)7")) € O(In(z +1)) for z — oc. (4.7)
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2) By definition we have

1 _ 1 * -1y dy
M<$ > ETr(exp(—(:vA) 1))) = <x > /1 Tr(e (yA) 1)_)
However, since

v -1 dy 1 -1 -1 -1
/ emAT = = / e du=Ae BT _ e,
1 ) 1/

it follows that

M(a: — éTr(exp(—(xA)‘U)) = (x — (Tr(A e~ (@A™ _ Tr(A e_Ail))). (4.8)

1
In(x)
3) By taking the previous expression into account as well as the estimate obtained

in (4.7), one infers that M(x — %Tr(exp(—(xA)*l)D is bounded for z large. In

addition, since the r.h.s. of (4.8) is continuous and vanishes when x \ 0, one deduces the
statement (7). Since w is an extended limit and thus vanishes on Cy(R. ), the statement
(1) easily follows from the expression obtained in (4.8). O

The next statement is the analogue of Theorem 4.1.3 but for the heat kernel. Its
proof can be found in [LSZ, Thm. 8.2.4].

Theorem 4.2.2. For any dilation invariant extended limit v on L*(R,) the map &,
extends by linearity to a fully symmetric linear functional on M .

By the previous result one directly infers that a statement similar to the content
of Corollary 4.1.4 holds for the functional &,. However, an even stronger result holds in
this case.

Theorem 4.2.3. (i) Ifw is a dilation invariant extended limit on L>°(R) satisfying
wo M = w, then &, = Tr,,

(i1) For any normalized fully symmetric linear functional ¢ on M~ there ezists a
dilation invariant extended limit w on L™ (R,) such that ¢ = &,.

These two results can be found in [LSZ, Thm. 8.2.9 & Thm. 8.3.6] to which we refer
for the proofs and for more information.



Chapter 5

Traces of pseudo-differential
operators

In this chapter we look at applications of the Dixmier traces in the context of pseudo-
differential operators. Again, our main source of inspirations will be [SU] and [L.SZ] but
also the book [RT].

5.1 Pseudo-differential operators on R

In this first section we recall a few classical definitions and results related to pseudo-diffe-
rential operators. Our setting is clearly not the most general one and many extensions
are possible. We shall use the usual multi-index notation, namely a = (aq,...,aq)
with a; € {0,1,2,...}. For shortness, we shall write a € N¢ with Ny = {0,1,2...}
(recall that the convention of Chapter 2 is that N = {1,2,3...}). We shall also use
|| := Z;lzl a; and a!l = aq!...aq4!l. The other standard notations which are going to
be used are V := (01,...,04) with 0; := 0,,, —A = —ijl 9% which is a positive
operator, and (z) := (1 + Z;l:l x?)l/z for any z = (zy,...,74) € R% In the Hilbert
space L*(R?), we shall also use the notation X = (Xi,..., X,) with X; the self-adjoint
operator of multiplication by the variable z;, and D = (Dy, ..., D,;) with D, the self-
adjoint operator corresponding to the operator —i0;.

Definition 5.1.1. 1) For anym € R, p € [0,1], and § € [0,1), a function a € C°(R3?)
is called an amplitude of order m if it satisfies

10,0702 a)(x,y, €)| < Capy (§) PR (5.1)
for any o, 8,7 € N& and all x,y,& € R The set of all amplitudes satisfying (5.1) is
denoted by A%(Rd). Note that the constants Cy 5. depend also on the function a but

not on x,y and &.

67
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2) For any amplitude a € .A;%(]Rd) the corresponding amplitude operator of order
m is defined on f € S(RY) by

X YD) ) = [ [ D a7 )y 5:2)

The corresponding set of operators is denoted by Dp( ZL&(Rd)).

Remark 5.1.2. It can be shown that the operator defined in (5.2) is continuous from
S(R?) to S(R?), when this space is endowed with its usual Fréchet topology. Note also
that the presence of 2 is irrelevant and mainly depends on several conventions about
the Fourier transform. In fact, the above operator should be denoted by a(X,Y, %D)
according to the convention taken in [RT]. In these notes, we mainly follow the conven-
tion of [LSZ] but warn the reader(s) that some constants have not been double-checked.
It is possible that sometimes the equality 2w = 1 holds !

The main interest for dealing with amplitudes is that the expression for the adjoint
operator is simple. Indeed, by using the usual scalar product (-,-) of L?(R?) one defines
the adjoint of a(X,Y, D) by the relation

(a(X,Y,D)"f,g) = (f,a(X,Y,D)g), f,g€SR. (5.3)

It then follows that a(X,Y, D)* is also an amplitude operator of order m with symbol
a* given by
a’(z,y,§) = aly, z, ). (5.4)

The adjoint operator plays an important role for the extension by duality to oper-
ators acting on tempered distributions. Indeed, if S’(R¢) denotes the set of tempered
distributions on R? and if ¥ € &’(R?), then we can define a(X,Y, D) : §'(R?) — S'(R?)
by

(a(X, Y, D)V)(f) == (a(X,Y, D) f)  V¥f € S(RY),

Let us now explain the link between amplitudes and more usual symbols of the class
%(Rd). For that purpose, we define the Fourier transform for any f € L*(R¢) by

(7 11(E)

fie) = [ et fa)an (5.5)

The inverse Fourier transform is then provided by [.# ! f](z) = [, e*™™* f(£)d¢

Definition 5.1.3. 1) For anym € R, p € [0,1], and § € [0,1), a function a € C°(R*?)
is called a symbol of order m if it satisfies

0708 a](w,€)| < Cagle)m Ao (5.6)

for any a, B € N and all x,& € Re. The set of all symbols satisfying (5.6) is denoted

m

by M(Rd). Note that the constants Co p depend also on the function a but not on x
and &.
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2) For any symbol a € ;75(]1%‘1) the corresponding pseudo-differential operator of
order m is defined on f € S(R?) by

(X, D)fl(a) = [ e (o, €)(6)de 5.7

and a(X,D)f € S(RY). The corresponding set of operators is denoted by Op (S;%(Rd)).
3) We set S™(RY) := e € Sy5(R?) (which is independent of p and §) and call
a smoothing operator a pseudo- dzﬁer@ntwl operator a(X, D) with a € S™°(R?).

Before going on, let us look at the Fourier transform of a symbol. More precisely,
observe that

(a(X, D) f)(z) = /2m€@®ﬂ®5

/]Rd /Rd PTEE a2, €) fy) dy dé
= [ Heitay

with
k@wzfemwmwaww (5.8)
Rd

Remark 5.1.4. The integral in (5.8) does not converge absolutely in general. This
integral is usually understood as an oscillatory integral. We shall not develop this any
further in these notes. However, if the function (x,&) — a(z,§) decreases fast enough
in &, then the integral can be understood in the usual sense.

The map (z,y) — k(z,y) is sometimes called the kernel (or Schwartz kernel!) of

the operator a(X, D). One of its important property is given in the following statement,
see [RT, Thm. 2.3.1].

Theorem 5.1.5. For any a € S{’fo(Rd), the corresponding kernel k(z,y) defined by
(5.8) satisfies

(07 K] (z,y)] < Cnple—y|™
for any N > m+n+|8| and x # y. In other words, for x # y the map (x,y) — k(x,y)

1s a smooth function which decays at infinity, together with all its derivatives, faster
that any power of |x — y|™1.

Additional results for pseudo-differential operators are summarized in the following
statements, see [RT, Thm. 2.4.2 and Thm. 2.5.1].

'In the context of operators K defined by [K f](z) = [pa k( (y)dy for f € C.(R?) with kernel
k € Li,(R%*?) one can not prevent from recalling the 1mp0rtant Schur s lemma which says that if the
two conditions sup,cga [pa [E(7,9)|dy < oo and sup,ecga [pa |k(z,y)|dz < oo hold, then K defines a

bounded operator on L?(R%).
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Theorem 5.1.6 (L*-boundedness). Let a € SY(R?), then the operator a(X, D) extends
continuously to an element of %(L*(RY)).

Theorem 5.1.7 (Composition formula). Let a € S7g(R?) and b € S7¢(R?), then there
exists ¢ € S{¢ ™ (RY) such that the equality

a(X, D)b(X, D) = ¢(X, D)

holds, where the product of operators in considered on the l.h.s. Moreover, one has the

asymptotic formula
|Oé|

¢~ Z a)(9°D) (5.9)
aENd
where the meaning of (5.9) is
( )|a\ o (e} meg+mp—N d
c— > I (Fa)(0ph) € ST TN(RY) (5.10)

la|l<N
for any N > 0.

Exercise 5.1.8. Provide a proof of the previous statements, and check what happens
for symbols in Zé(Rd) with 0 < 0 < p < 1. In particular for Theorem 5.1.7 show that

if a € 83 (RY) and b € S} (R?) then c € S;':‘g+mb (RY).

The link between amplitudes and symbols can now be established. Clearly, any
symbol a € S5(R?) defines the amplitude a € A7'5(R?). Conversely one has:

Theorem 5.1.9. For any amplitude ¢ € AJ'5(R?) with 0 < 6 < p < 1, there exits a
symbol a € S5(R?) such that a(X, D) = c(X Y, D). Moreover, the symbol a admits the

asymptotic expansion given by

—)lel
.8 v aw &)~ 3 CO e a6) e &m0V (R

lo| <N
for any N > 0.

The proof of the previous statement for (p,0) = (1,0) can be found in [RT,
Thm. 2.5.8]. Its extension to amplitudes with (p,d) # (1,0) can be performed as an
exercise.

For any operator a(X, D), we define its L?-adjoint by the formula

(a(X, D) f.g) = (},a(X,D)g), f,g€SR"

which corresponds to the relation (5.3) for amplitudes. Then, by the content of Theorem
5.1.9 together with the formula (5.4) for the amplitude of an adjoint one directly infers:
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Corollary 5.1.10. For any a € %(Rd) with 0 < 6 < p <1 there exists a symbol a* €
S7s(RY) such that a(X, D)* = a*(X, D). Moreover a* admits the asymptotic expansion

—3)ll
@6 awe) - Y O o) € s7ON@Y

la|<N
for any N > 0. Here a means the complex conjugate function.

The previous result implies that any pseudo-differential operator a(X, D) extends
to a continuous linear map from S'(R?) to S'(R?). Let us then note that a rather simple
criterion allows us to know if a continuous linear operator from &'(R?) to S'(R?) is of the
previous form. More precisely, if for any & € R? one sets e¢ : R? — C by e¢(z) := > ¢
then one has:

Theorem 5.1.11. A continuous linear operator T from S'(R?) to S'(RY) is a pseudo-
differential (with symbol a) if and only if the symbol a defined by

a(z,§) == e_¢(x)[T eg](z)

belong to S®(R?) := J,,cr SiH(RY).

meR

Among the set of pseudo-differential operators let us still introduce those which have
a classical symbol. For that purpose, we say that a function a € C*°(R??) is homogeneous
of order k for some k € R if for all z € R?

a(z, &) = Na(z,€), YA>1, V&€ € R? with |¢] > 1. (5.11)

Definition 5.1.12. 1) A symbol a € S%(Rd) 1s called classical if there exists an asymp-
totic expansion a ~ Y 1~ o am_g where each function a,,_y is homogeneous of order m—k,
and if a — ch\;o Ak € S{?O_N_I(Rd) for all N > 0. The set of all classical symbols of
order m is denoted by ST (R?).

2) For a classical symbol a € S (R?), its principal symbol corresponds to the term
a., 1n the mentioned expansion.

Note that the notion of principal symbol can be defined for more general pseudo-
differential operators. For a symbol in Sﬁo(Rd) its principal symbol corresponds to the
equivalent class of this symbol modulo the subclass Sf:‘ofl(Rd). More precisely, we set:

Definition 5.1.13. For a,b € STO(Rd) we write a ~ b if the difference a — b belongs to

S{’})—l(Rd). Fora € STO(Rd) we denote by [a] the equivalent class defined by the previous
equivalence relation and call it the principal symbol of a(X, D).

Examples 5.1.14. 1) The simplest and main example of a pseudo-differential operator
15 provided by the relation

(=82 f@) = [ emeangniode  vieS®). (1)

Rd
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In other terms the symbol corresponding to the operator (1 — A)™/2 is the map &
(2m€)™. In addition, since the equality (x)™ = |z|™(1 + |z|72)™/2 holds, by using a
binomial expansion for |x| > 1 one observes that any symbol which agrees with (27)™ |x|™
for |z| > 1, up to a symbol in STO_l(JRd), share the same principal symbol as the one of
(1—A)ym/2,

2) Let ¢ be an element of C°(RY), which corresponds to the set of smooth func-
tions with all derivatives bounded. Then the multiplication operator ¢(X) defined by
[0(X) fl(x) = ¢(x)f(x) is a pseudo-differential operator belonging to SYo(R?). In ad-
dition, the operator ¢(X)(1 — A)™?2 belongs to Op(STy(RY)) and the corresponding
symbol is the map (x,&) — ¢(x)(2mE)™.

3) For any ¢ € C°(RY), one infers from Theorem 5.1.7 that

[6(X), (1= A)™?] € Dp(S75 H(RY)).

More generally, if A € Op(Ss(R?)) and B € Op(S¢(RY)) then one has [A, B] €
Op (Sﬁjﬁm”*l(Rd)). This information means also that AB and BA share the same
principal symbol.

Let us briefly mention the link between pseudo-differential operators and Sobolev
spaces. First of all recall that for any s > 0 the Sobolev space H*(R?) is defined by

H(RY) = {f € L*R) | || ]

we = (X)) Ff|| < oo} (5.13)

Note that this space coincide with the completion of S(R?) with the norm || - ||ys.
For s > 0, the spaces H~*(R?) can either be defined by duality, namely H~*(R?) =
H*(R%)*, or by the completion of S(R?) with the norm || f||3-s := |[(X)~*.Z f||. Then,
the main link between these spaces and pseudo-differential operators is summarized in
the following statement. Recall that the definition of closed operators has been provided
in Definition 1.4.6.

Theorem 5.1.15. Let A := a(X,Y, D) be the operator defined on S(RY) by an ampli-
tude a € AT'\(R?) with m > 0.

(i) A extends continuously to a bounded linear operator from H*(RY) to Hs~™(R?)
for any s € R,

(ii) If m > 0 then the extension of A : H™(R?) — HO(R?) = L?(R?) defines a closed
operator,

(i) If m = 0 then the extension of A : L*(R?) — L*(R?) defines an element of
B(L*(RY)).

Clearly, the point (iii) in the previous statement is a slight extension of the result
already mentioned in Theorem 5.1.6 for symbols instead of for amplitudes Let us now
close this section with the notion of compactly supported and compactly based pseudo-
differential operators. Such operators have nice extension properties.



5.1. PSEUDO-DIFFERENTIAL OPERATORS ON RP 73

Definition 5.1.16. Let A : S(RY) — S(RY) be a pseudo-differential operator.
(i) A is compactly supported if the exists ¢, € C(R?) such that A = ¢(X)Ap(X),
(i) A is compactly based if the exists ¢ € C°(R?) such that A = ¢(X)A.

Based on these definitions one easily infers the following lemma. Recall that the set
S7°°(R?) has been introduced in Definition 5.1.3.

Lemma 5.1.17. Let A, B be pseudo-differential operators. Then

(1) If A, B are compactly supported, so are A*, AB and BA,

(11) A is compactly supported if and only if A and A* are compactly based,
(111) If A is compactly based, so is AB,

(iv) If A is compactly based, then there exists a compactly supported pseudo-differential
operator A" such that A — A’ € S™°(R?).

Exercise 5.1.18. Provide a proof of the last statement of the previous lemma.

In relation with this last statement, let us mention a useful result about the dif-
ference A — A’. Unfortunately, we can not prove it here because it would require the
definition of the so-called Shubin pseudo-differential operators. These operators are de-
fined with slightly different classes of symbols. We refer to the book [Shu] for a different
approach to pseudo-differential operators, and especially to Section 27 of this reference
for a proof of the subsequent statement.

Lemma 5.1.19. For any compactly based pseudo-differential operator A of order m
there exists a compactly supported pseudo-differential operator A’ of order m such that

the difference A — A’ is trace class, i.e. A— A" € 7.

The following statement will play an essential role subsequently. We shall comment
about its generality and its proof after the statement.

Theorem 5.1.20. Let A be a compactly based pseudo-differential operator of order m.
If m < 0 then the extension of A : L2(R?) — L*(RY) defines a compact operator. If
m < —d then this extension defines a trace class operator.

The previous statement is quite well-known for compactly supported pseudo-diffe-
rential operators. A more general statement for arbitrary Schatten ideals can be found
in [Ars], or an approach using operators of the form f(X)g(D) can be borrowed from
[Sim, Chap. 4]. The extension to compactly based pseudo-differential operators follows
then directly from Lemma 5.1.19.



74 CHAPTER 5. TRACES OF PSEUDO-DIFFERENTIAL OPERATORS

Remark 5.1.21. In relation with the paper [Ars] let us mention that there exists sev-
eral types of quantization of symbols on R?*. The one introduced so far corresponds to
the so-called Kohn-Nirenberg quantization. Each of these quantizations has some prop-
erties of special interest: for example the Weyl quantization of real-valued functions
provides self-adjoint operators, the Berezin quantization of positive functions provides
positive operators, etc. Some of these quantizations can be recast in a single quantization
(T-quantization) which depends on an additional parameter . We refer the interested
reader to Chapter 2 of the reference [Del] which presents the similarities and the differ-
ences between some of these quantizations.

Extension 5.1.22. Study some alternative quantization, as presented for example in
[Del].

5.2 Noncommutative residue

In this section we introduce the concept of noncommutative residue on the set of classical
and compactly based pseudo-differential operators of order —d, where n is the space
dimension. This concept is also called Wodzicki residue after the seminal papers [Wodl,
Wod2]. In these papers the general theory is presented in the framework of global
analysis on manifolds, and the special case presented here corresponds to the Remark
7.13 of [Wod1].

Before introducing the definition of noncommutative residue let us observe that if a
is a classical symbol of order m with a(X, D) compactly based, then one can impose that
each term the expansion a ~ Y a,_j has a compact support for the first variable
(the variable z). Note that such symbols will simply be called classical and compactly
based symbols. In addition, if m is an integer, then a_,4 is well-defined and is equal to
0 if —d > m, while if m is not an integer, then we set a_4 := 0.

Definition 5.2.1. Let a € ST(R?) be a classical and compactly based symbols of order
m. The noncommutative residue of a(X, D) is defined by

Resy (a(X / / a_q(z,0)dzdo. (5.14)
Sd—-1 JRd

Before stating and proving some of the properties of this noncommutative residue,
let us come back to the Examples 5.1.14. For ¢ in C2°(R?) let us consider the operator
(X)) (1 — A)~%2 which is associated with a classical and compactly based symbol of
order —d. Its principal symbol is given for || > 1 by the map (&) — ¢(z)(2nr|€|) ¢
Thus, we easily get

Resy (¢(X)(1 — A)™?) = é/Sd e o(z)(27) " dwdl

Vol(S41)
L /R Pe)de,

where Vol(S?1) denotes the volume of the sphere S,



5.3. MODULATED OPERATORS 75

Proposition 5.2.2. The noncommutative residue Resy,

(1) is a linear functional on the set of all classical and compactly based pseudo-
differential operators with symbol of order —d,

(71) vanishes on compactly based pseudo-differential operators with symbol of order m
with m < —d (and in particular on trace class operators),

(111) is a trace in the sense that if A is a classical and compactly based pseudo-differen-
tial operator of order m, and if B is a classical and compactly based pseudo-
differential operator of order my with mg, + my = —d, then

Resy ([A, B]) = 0.

Proof. For (i), the linearity of Resy is a direct consequence of the linearity of the
action of taking the principal symbol on S 4(R%). For symbols of order m < —d the
noncommutative residue is trivial by its definition, which implies the statement (ii).
Finally, since AB and BA share the same principal symbol, as mentioned in Examples
5.1.14, it follows that the principal symbol of [A, B] is of order —d — 1. The statement
(iii) follows then from (ii). O

It was A. Connes who realized in [Con] that this noncommutative residue can be
linked to the Dixmier trace, with an equality of the form Resy (A) = Tr,(A) for some
states w. Such an equality is often called Connes’ trace theorem. Again this was proved
in the context of global analysis on manifolds. In order to understand such a result in
our context of pseudo-differential operators on R? and in the framework developed in
Chapter 3, additional information are necessary. In particular, since there exist several
different Dixmier traces on operator which are not Dixmier measurable (see Definition
3.4.16) it is important to understand when an equality with the noncommutative residue
is possible 7

5.3 Modulated operators

In this section we introduce the concept of modulated operators and study their proper-
ties. Most of this material is borrowed from [KLPS] and [LSZ]. In the sequel H denotes
the Hilbert space L?(R%), and we recall that the Hilbert-Schmidt norm is denoted by
|| - [|2- Part of the theory can be built with an abstract bounded and positive operator

V in H, but for simplicity and for our purpose, we shall only consider the operator
Vo= (1-A)"92

Definition 5.3.1. An operator T € Z(H) is Laplacian-modulated if the operator
T(l +t(1 — A)_d/z)*1 is a Hilbert-Schmidt operator for any t > 0, and

< Q.

HT”mod .= sup tl/QHT(l + t(l _ A>_d/2)_1H2
t>0
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Note that a Laplacian-modulated operator T' is automatically Hilbert-Schmidt since
one has

Tl = |71+ (1= A)™) 7 (1+ (1 - )",
<+ - Ay - a) )7,
< (14 /0= AT

The following statement can also easily be proved by taking into account the com-
pleteness of _#,, see also [LSZ, Prop. 11.2.2].

Proposition 5.3.2. The set of all Laplacian-modulated operator is a Banach space
with the norm || - ||moa- In addition, if B is Laplacian-modulated and A € HB(H) one
has [|AB||mod < || Alll| Bllmoa-

In order to further study this Banach space, let us come back to some algebras of
functions.

Definition 5.3.3. A function f € LY(R?) is a modulated function, written f €
Linod(Rd): Zf
11, =swp (07 [ (p@lde <. (5,19
>

|| >t

Clearly, the inequality || f[|r: < [|f|[z1_, holds. Observe also that the natural oper-
ation on such functions is the convolution, as shown in the next statement.

Lemma 5.3.4. If f,g € L} _(R?) then the convolution f * g belongs to LL (R?).

mod mod

Proof. For any t > 0 observe that for |y| > |z|/2 one has
[ ] ewlre-vlaaes [ [ gl -y
|z[>t J|y[>[z]/2 R Jy|>t/2
—fl [ law)ldy.
ly|>t/2

On the other hand, if |y| < |z|/2 and |z| > ¢ it follows that |z —y| > |z|/2 > t/2, and
then

[ ] el [ it ol
- [ Jawlseayas
= gl x)|dx.
lolss 1@
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By splitting the following integral into two parts and by using the previous estimates
one gets

w*mﬁmzwpu+w/"|w*w@Mx
t>0

|| >t

s (0! [ ol —layds

>0
< flleellgller, + gl Al ,
<2 fller Mgl (5.16)
which leads directly to the result. O]

Based on the previous result, one gets:

Lemma 5.3.5. L. (R?) endowed with the convolution product is a Banach algebra.

Proof. 1) With the definition of || f|| ;1 provided in (5.15) the space LE (RY) is clearly
a normed space. We first show that this space is complete. Since the inequality || f|| <
[ fllz  holds, if {f,} is a Cauchy sequence in the L} .norm it is also a Cauchy
sequence in the L'-norm. Let f € L'(R?) denote the limit of this Cauchy sequence.

Then, for any fixed € > 0 let us choose N € N such that
A" [ o)~ fula)ldr < ¢
|z|>t

for any n,m > N and every ¢ > (0. Then one infers by the dominated convergence
theorem that for arbitrary ¢ > 0 and n > N one has

u+N/Mmm—mmm:gw+w/ fal2) = fn(@)] o < =

|| >t

Since ¢ is arbitrary, one concludes that L! ,(R?) is a complete vector space.
2) It has already been proved in the previous lemma that Ll  (R?) is an algebra

with the convolution product. In addition, it has been proved in (5.16) that || fxg|[1 =<

2[fllzr Ngllz  which proves the continuity of the product, and hence makes L (R
a Banach algebra. O]

Additional properties of this Banach algebra are presented in [LSZ, Sec. 11.3]. For
example, it is proved that the set of compactly supported L!-functions is not dense in

L (RY). A similar space with L2-functions is also introduced and studied, namely

LyoaRY) = {f € L*(RY) | |f|* € Lp,0a(R) }

mod mod

= || |f]2HlL/12 . This space is again a Banach space, but
mod

despite the fact that it is made of L2-functions, this space has not good properties with

respect to the Fourier transform.

endowed with the norm || f|| 2

mod



78 CHAPTER 5. TRACES OF PSEUDO-DIFFERENTIAL OPERATORS

Extension 5.3.6. Study the previous statements.

Our next aim is to connect this Banach algebra L!  (RY) with the concept of
Laplacian-modulated operators. For that purpose, let us recall that there exists a bijec-
tive relation between the set of Hilbert-Schmidt operators in # = L?*(R?) and the set of
L*(R? x RY)-functions, see Theorem 2.5.1. We present below a slightly modified version
of this correspondence, which is based on the mentioned theorem and on Plancherel

theorem.

Lemma 5.3.7. For any Hilbert-Schmidt operator T € B(H) there exists a unique
function pr € L*(RY x RY) such that the following relation holds:

1)) = [ el Of(d vF € LR, (5.17)

Definition 5.3.8. For any Hilbert-Schmaidt operator T, the unique function pr €
L2(R? x RY) satisfying (5.17) is called the symbol of the operator T.

Clearly, the previous definition is slightly ambiguous since it does not require the
regularity conditions of the symbols of a pseudo-differential operators. However, the
context together with the index 7 should prevent any confusion. On the other hand,
the very good point of this definition is that if 7" is a pseudo-differential operator and
a Hilbert-Schmidt operator, its symbol as a pseudo-differential operator and its symbol
as a Hilbert-Schmidt operator coincide.

The main result linking all these notions is:

Proposition 5.3.9. A Hilbert-Schmidt operator T € ZB(H) is Laplacian-modulated if
and only if its symbol pr satisfies

[ prta ) Pde € LR

We provide below a proof of this statement. However, it involves an equivalent
definition for Laplacian-modulated operator which is only provided in Lemma 5.4.9 in
a slightly more general context.

Proof. Tt follows from Lemma 5.4.9 that T" is Laplacian-modulated if and only if
|TEq_ay-a2([0,¢7']) ]|, = O ?) vt >0, (5.18)

where E;_)-a/2 denotes the spectral measure associated with the operator (1— A)~/2,

The key point is that the spectral projection F_ A)—d/Q([O,til]) is explicitly known,
namely for suitable f and any z € R?

[Eq_ay-a2(10,t71]) f](z) = / MMTELZ £ (€) dE.

(I+dm2[g|?)=4/2<t



5.3. MODULATED OPERATORS 79

Now, let us define a family of projections P, by the formula
PG = [ @z e de
&>t

By a simple computation we then find that for any ¢ > 1

P( 1/d S E(l_A)fd/2<[0,t_1]> S P(Cmaxt)l/d

Cmint)

With cpin = (472 + 1)7%? and chee = (47%)~%2. It follows from (5.18) that T is
Laplacian-modulated if and only if | TP||s = O(t~%?). The statement can finally easily
be obtained by observing that

ITR = / / Ipr(a,€) dede.
€[>t JRE

]

Remark 5.3.10. By endowing the set of symbols of Hilbert-Schmidt Laplacian-modula-
ted operators with the norm

o= (sup 1+
t>0

|€|>t J R4

1/2
pr(e, P deds) (5.19)

it follows from the previous proposition and its proof that there is an isometry between
the Banach space of Laplacian-modulated symbols and the Banach space of Laplacian-
modulated operators mentioned in Proposition 5.3.2. Both norms have been denoted by
| - lmoa for that purpose.

We shall soon show that the set of Laplacian-modulated operators is an exten-
sion of the set of compactly based pseudo-differential operators of order —d. For that
purpose, observe first that the definition of compactly supported or compactly based
operators can also be used in the context of bounded operators, namely an opera-
tor A € B(L*(R?)) is compactly supported if the exists ¢,¢ € C°(RY) such that
A = ¢(X)AY(X), while A is compactly based if the exists ¢ € C®(R?) such that
A = ¢(X)A. Then, one easgets that a Laplacian-modulated operator T is compactly
supported if and only if its Schwartz kernel is compactly supported. On the other hand,
this operator is compactly based if and only if its symbol py is compactly supported
in the first variable. Note that the notion of a compactly supported operator does not
really fit well with the notion of the symbol of a pseudo-differential operator or of
a Laplacian-modulated operator. On the other hand, this notion can be used for the
Schwartz kernel or for the kernel of an amplitude operator.

In the next statement we show that the concept of Laplacian-modulated operator
extends the notion of compactly based pseudo-differential operator of degree —d.

Theorem 5.3.11. Let A = a(X, D) be a compactly based pseudo-differential opera-
tor with symbol in a € ng(Rd), Then A and A* extends continuously to Laplacian-
modulated operators.
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We provide below the proof of the statement for the operator A. The proof for A*
is slightly more complicated and involves Shubin pseudo-differential operators already
mentioned in Section 5.1. We refer to[LSZ, Thm. 11.3.17] for the details.

Proof. By assumption one has |a(z,&)] < C(€)~? for all z € R? and a constant C
independent of x and £. In addition, since the operator A is compactly based, its symbol
a is compactly supported in the first variable. Thus, there exists a compact set £ C R¢
such that a(z, &) = 0 for any x ¢ 2. We then infer that

sup (1 + ) A|>t » la(z,&)[*dzdé = Stl>lg) (1 +t)d/

t>0 |&]>t

/ a(z, ©)P dede
Q

< 2|9 sup (1 + 1) /K o

t>0

t>0

< C'Q|sup (1+ t)d/ r2dpd=1qp
¢

C/
= —[Q|sup (1 + )%t
d >0

< 00,

where || means the Lebesgue measure of the set €2, and C” is a constant. It follows from
Proposition 5.3.9 that a corresponds to the symbol of a Laplacian-modulated operator.
As a consequence, the operator A extends continuously to a Hilbert-Schmidt operator
which is Laplacian-modulated. [

In order to extend the noncommutative residue to all compactly based Laplacian-
modulated operators, the following rather technical lemma is necessary. For that pur-
pose we recall that any Laplacian-modulated operator T is itself a Hilbert-Schmidt
operator.

Lemma 5.3.12. Let T be a compactly based Laplacian-modulated operator, and let pr
denotes its symbol. Then the map

1
N> _ ) dede € C
" T . » [ preg)dra

18 bounded

Proof. Recall first that since the operator T is compactly based, its symbol p7 is com-
pactly supported in the first variable. Thus, there exists a compact set  C R such
that pr(xz,&) = 0 for any = ¢ Q. Observe in addition that there exists a constant C'
(depending only on the space dimension d) such that for any & > 0

|2 x {eRY | < (¢ < e} = ClQle.
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It then follows by an application of Cauchy-Schwartz inequality that

/ [pr(e.€)|ded
ekg|£‘§ek+l R4

:/ekqﬂ@ﬂ /Q pr(x, &)l dede
< 01/2|Q|1/2<(ek)d/ /|pT(fE,€)|2d$d§>l/2
Q

ek <¢]<ektl

S 01/2’9’1/ZHPT”mod7

where the definition (5.19) has been used in the last step.
Based on this estimate one infers that for ¢t > 1

‘/|§|<t /deT(IL’;g)dxdg‘
_ [In(t) |

< ‘/Ié I/deT(.ilﬁ;ﬁ)dxdf‘ﬂL Z /k e e lpr(x,§)|dzdg
< k=0 Jerslglsetrt JRe

< ((t) + 1) CY20 2 [prmoa + D

with D independent of ¢. By setting then t = n'/? for n > 1 one gets

| /|5 » [ prteg)and

In(n'/?) +1
In(n + 1)
In(n) +1

—d V) " 1/21001/2
In(n + 1) CE1Q | prllmoa + o(n)

CY21Q2 prllmod + o(n)

which clearly defines a bounded function of n € N. O
Based on this result, it is now natural to set:

Definition 5.3.13. The map Res, from the set of compactly based Laplacian-modulated
operator to the quotient l/co, is defined for any compactly based Laplacian-modulated
operator T by

Res(T)) := [(m /|s o /R prle,§dedg) | (5.20)

where pr denotes the symbol associated with T and [-] denotes the equivalence class in
loo/co. This map is called the generalized residue.

Let us directly check that this notion extends the noncommutative residue intro-
duced in Section 5.2. First of all we need a preliminary lemma, which uses the fact
proved in Theorem 5.3.11 that any compactly based pseudodifferential operator of or-
der —d extends to a compactly based Laplacian-modulated operator.
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Lemma 5.3.14. The generalized residue of a compactly based pseudo-differential oper-
ator of order —d depends only on its principal symbol.

Proof. Let Ay and Ay be two compactly based pseudo-differential operators of order —d
sharing the same principal symbol. Then the difference A; — A is a compactly based
pseudo-differential operator of order —d — 1, which means that its symbol a satisfies
al(x, )| < C{€)~41 for all x,£ € R? and a constant C independent of x and €. Since a
has compact support in the first variable, there exists a compact set @ C R? such that
a(z,&) =0 if z ¢ Q. Then one has

‘/Rd /Rd a(x,f)dxdg‘ < CQ| Rd(@*d*ldg < 0.

As a consequence of this estimate, it follows from the definition of Res provided in (5.20)
that Res(A; — Ay) = 0, and therefore that Res(A;) = Res(A,). O

In the next statement we clearly identify C with the set of constant elements of /..
Proposition 5.3.15. For anya € Sc_ld(Rd) with compact support in the first variable of
all elements of its asymptotic expansion, or equivalently for any classical and compactly
based pseudo-differential operator A of order —d (with A = a(X, D)) one has

Resy (A) = Res(A).
Proof. Let us denote by a_4 the principal symbol of the operator a. By the previous

lemma Res(A) depends only on the symbol a_g4, and is determined by the equivalence
class in /., /cy of the sequence

(D) 49053 .

Since a_4 is homogeneous of order —d and is compact in its first variable one has

LSnl/‘i /Rd a-a(,¢)dwdt = /Rd /1<£|§n1/d ’ﬂida*d (x, é_!) dé¢dx + C

nl/d

:/ / ad(x,Q)dex/ i tdr 4 C
Ré Jgd-1 1

:/ / a_q(z,0)d0dzIn (n*?) + C
Rd JSd—1

— ln(Tn) /Rd /sdl a_q(z,0)dfdzIn(n) + C
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with C a constant independent of n. As a consequence one infers that

Res(A) = (# /5|<n1/d /]Rd taln)de dg) nEN]

= /Rd /sd 1 a(x,0) d@dx)nEN]

= ResW

with the identification mentioned before the statement of the proposition. O

In reference [LSZ], it is shown that there exist some symbols for which the general-
ized residue is not a constant sequence. We provide a counterexample in the following
exercise, and refer to Example 10.2.10 and Proposition 11.3.22 of that reference for
more information.

Exercise 5.3.16. Consider the smooth function a, : {€ € R¢ | |¢] > 4} — R given by

0x(€) := |¢™ (sin (In(in([€]))) +cos (n(in((€))  VIe > 4

1) Based on this function, show that there exists a symbol a € Sy (R?) such that
its principal symbol can not be a homogeneous function. For that purpose one can show
that the map

£ a.(2[€]) — 2™ a.(|€])

does not belong to Sy (R?).
2) In the special case m = —d, let ¢ € CE(RY) and let a € S;§(R?) satisfying
a(z, &) := ¢(x)a. (&) for any |€] > 4 and any v € RL. Show that

Res (a(X, D)) = [(by)nen]

with b, = Lsin (In(In(n'/?))) for n large enough. The sequence (b,) is clearly not a
convergent sequence.

5.4 Connes’ trace theorem

In this section we state a generalized version of Connes’ trace theorem and sketch the
main arguments of its proof. Again, our framework are operators acting R? while the
original setting was for operators acting on compact manifolds.

Recall that the space £ « has been introduced in (3.3) and corresponds to

{Ae X (H)| p.(A) € O(n)}. (5.21)
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Theorem 5.4.1. Let T be a compactly supported Laplacian modulated operator with
symbol pr, and let w be any dilation invariant extended limit on {o. Then:

(i) T belongs to £ « and
Tr,(T) = w(Res(T)),

(1) T is Dizmier measurable if and only if Res(T') is a constant sequence, and then

Tr,(T') = Res(T).

Remark 5.4.2. In the corresponding statement [LSZ, Thm. 11.5.1] the dilation in-
variance of the extended limit w is not required. Indeed, it is shown in [LSZ, Sec. 9.7]
that once applied to operators in £ ~ the dilation invariance of w holds automatically.
However, since we have not introduced this material and since our Dixmier traces were
introduced on the more general space M ~ we shall not consider this refinement here.

As mentioned before, the sketch of the proof will be given subsequently. Our aim is
to mention some corollaries of the previous statement.

Theorem 5.4.3. Let A be a compactly based pseudo-differential operator of order —d.
Then A estends continuously to an element of £ o and satisfies Tr,,(A) = w( Res(A))
for any dilation invariant extended limit w on fo.

Proof. First of all, it follows from Theorem 5.3.11 that the operator A extends con-
tinuously to a Laplacian modulated operator. In addition, there exists a function ¢ €
C>(R?) such that ¢(X)A = A. The operator A’ := Ap(X) is then compactly supported
and the difference A — A’ is a compactly based operator and a pseudodifferential opera-
tor of order —oo. Note that the operator A’ corresponds to the one already mentioned in
the statement (iv) of Lemma 5.1.17 and in Lemma 5.1.19. It then follows from Lemma
5.3.14 that Res(A) = Res(A’), and from Lemma 5.1.19 that A — A" € _#;. Thus, one
infers from Theorem 5.4.1 that A’ € 4 », and since #; C .2 one also gets that
A € 2 . Finally, again from Theorem 5.4.1 one deduces that

Tr,(A) = Try,(A’) = w(Res(A")) = w(Res(4)) (5.22)
which corresponds to the statement. O

Note that this result makes the Dixmier trace of any compactly based pseudo-
differential operator easily computable. Indeed, for a classical symbol the residue Res(A)
of the corresponding pseudo-differential operator A can be computed by its Wodzicki
residue, see Proposition 5.3.15, and the expression w( Res(A)) does not depend on w.
On the other hand, if the symbol is not classical, then the generalized residue Res(A) of
the corresponding operator can be computed by (5.20) in Definition 5.3.13. Then, if this
sequence is not constant, the r.h.s. of (5.22) does depend on w, but nevertheless it makes
the Dixmier trace Tr,(A) computable. For example, the pseudo-differential operator
a(X, D) exhibited in Exercise 5.3.16 is compactly based and possesses a generalized
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residue Res (a(X , D)) which is not a constant sequence. It then follows that the r.h.s. of
(5.22) depends on the choice of w.

By collecting the information obtained so far one directly deduces the following
statement:

Corollary 5.4.4. For any ¢ € C®(R?) and for any dilation invariant extended limit
w on f~ one has

d—1
Tr, (¢(X)(1 — A)™9?) = % /Rd o(z)dz.

Let us mention that the above equality still holds if ¢ belongs to L?(R¢) and has
compact support. We refer to [LSZ, Thm. 11.7.5] for the proof of this extension.

We now come to the proof of Theorem 5.4.1. In fact, its content is a simple conse-
quence of the following two major statements.

Theorem 5.4.5. Let T' be a compactly supported Laplacian-modulated operator with
symbol pp. Then T € LA » and the map

N2 n— Ai(T) — ) dédr € C 5.23
! J; () /Rd/|£<nl/de(w ) ! ( )

is bounded, where \;(T') denote the eigenvalues of T' and these eigenvalues are ordered
such that their modulus decrease.

Note that this result should be read with the content of Theorem 2.6.6 in mind.
Indeed, in that result and for a trace class operator A its trace was expressed as a
integral over its Schwartz symbol. Here, the operator T is not trace class, and pr is not
a Schwartz kernel, but anyway the difference between the partial sum of eigenvalues
and a partial integral over the kernel py remains bounded, as a function of n.

Theorem 5.4.6 (Lidskii’s type formula for the Dixmier trace). For any A € M ~ and
for any dilation invariant extended limit on { the following formula holds:

Tr,(A) = w((ﬁ Z% /\j(A))neN>

j=

where again \;(T) denote the eigenvalues of T and these eigenvalues are ordered such
that their modulus decrease.

Based on the previous two statements one has:

Proof of Theorem 5.4.1. i) By Theorem 5.4.5 and the definition of the residue Res(T)
one has T' € £ o, and

n

Res(T) = Kln(n%l) Z A (T))neN} .
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Since £ o C M1, We can then apply Theorem 5.4.6 and infer that

Tr,(T) = w((m ; M(T)), o) = w(Res(T)).

i) It is clear that if Res(T') is a constant sequence, then w(Res(T)) = Res(T) for
any dilation invariant extended limit w on /.. For the reverse implication, we refer to
[LSZ, Thm. 10.1.3.(f)] since the statement is based on the notion of Tauberian operator
(see Definition 9.7.1 of that reference) which has not been introduced in these notes. []

In the rest of this section we provide some information about the proofs of Theorems
5.4.5 and 5.4.6. These results are rather deep statements and we shall not be able to
prove them in detail. We start with Theorem 5.4.6 which also provides the necessary
tools for the proof of the initial Lidskii’s theorem. We first prove a necessary estimate.

Lemma 5.4.7. Let w be a dilation invariant extended limit on (o, and let A € M .

Then one has n
(g 7)) =0

Proof. Since w = w o Dy with Dy the dilation operator introduced in Section 3.1 one
infers that

Ln/2]

( In(n+1 ZM; ”€N> N <(ln n/2J +1 Z (A ”GN)

Ln/2]

B ( In(n+1 Z,u] ”€N>

where we have used that lim,, % = 1. As a consequence, one has
[n/2]
_ w<(; i 1;(A) + ofn)) )
In(n+1) J neN
j=[n/2]+1
n

(o), )

- w<(21n(n + 1)“ ( ))"EN
from which one deduces the statement. O

Proof of Theorem 5.4.6. 1) First of all, let A € 4  be self-adjoint, and recall that
A=A, — A_ with AL > 0. By the linearity of the Dixmier trace one has

Try(A) = Try(AL) — Tro(AL) = w <lnn—i— Z{A (A)) - )})nEN>.
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In the point 2) below we shall prove that
\ Z DN (A) = A(AL) + A _)}‘ < njin(A). (5.24)

It then follows from Lemma 5.4.7 that w<(mnun(A))neN> = 0, and therefore

If A € # « is a normal operator, it follows from the previous paragraph that

Tr,(4) = Tr,(R(A)) + iTrw(C‘(A))
- (ot Z{A 4) + X (S(A) ) )
Again in the point 2) below we shall prove that
‘ En; {A(4) = (R(4)) - Mj(%(A))}( < Snpin(A), (5.25)

from which one infers with Lemma 5.4.7 that

1) = (G 2 )

For the general case A € .# ~, one has to rely on a rather deep decomposition of
A, namely A = N 4+ @Q with N,Q € 4 ~, N normal, @ satisfying Tr,(Q) = 0, and
A;j(A) = X;(N). This decomposition is provided for example in [LSZ, Thm. 5.5.1] in
a more general framework. Note also that this decomposition can be used for proving
the usual Lidskii’s theorem, see (2.33). With this information at hand, the proof of the
statement follows directly.

2) For (5.24) one first observes that for any n € N

D, c {iAn) u{ = xna0b )

Indeed, this easily follows from the functional calculus of the self-adjoint operator A.
In addition, one also observes that

(A0 U {= A I A, € (el < (Al

and that the cardinality of the set on the L.h.s. contains at most n elements. It then
follows that

| Z P(A) = XA + (A} < nAA)] = npn(A). (5.26)
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For (5.25) recall first that since A is a normal compact operator it has the canonical
form A =3, A;j(A)|f;)Xf;] for A;(A) € C ordered with a decrease of their modulus. It

then follows that for any n € N
{o(A)N{AeCTIN > m(A)}} C{NA} -

One also observes that

AN\ {o(A) NN € CTIA > ma(A)}} C{A € TN < pn(A)}

and that the cardinality of the set on the lLh.s. contains at most n elements. As a

consequence one has
SN - Y A S m(A),
Jj=1 AET(A),|A|>pun(A)
By a similar argument one also gets that
@) - > A S m(A),
J=1 AET(R(A)),IA[>pn (A)
Since R(o(A4)) = a(R(A)), by the normality of A, this is equivalent to
@) - > R < nua(a),
J=1 A€o (A),|R(A)[>pn (A)

On the other hand one infers that

DI (PVED DI (O]

AET(A),|RON)|>pn (A) AET(A), N> pn (A)

< > REOY)

A€ (A),IR(N)|<pn(A)] and [A>pn(A)

< Z fin(A)

A€o (A),|A|Zpn(A)
= n,(A).
By this estimate together with (5.27) we finally infer that
SN®R@) - Y RO < 2 (),
J=1 AEa(A),|AI>pn (A)
Similarly, one can also deduce that

‘ i&(%‘l)) - > %(A)( < 2y, (A).

AET(A),|A|>pn (A)

(5.27)
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By combining the previous two estimates one infers that

‘ Z A (R(A)) +14X(S(A)) - > A‘ < dnpn(A), (5.28)

AET(A),|A|>pn(A)

It finally follows from (5.26) and (5.28) that
D7 0 A) = 4 (ROA) = iy (S(A) ] < Bmpaa(A),

as announced. ]

Let us now come to the proof of Theorem 5.4.5 which is at the heart of Connes’
trace theorem. A first step in the proof consists in studying more deeply the notion
of V-modulated operator. As already mentioned at the beginning of Section 5.3 this
notion is more general than Laplacian-modulated and has some advantages. For the
record:

Definition 5.4.8. Let V € B(H) be positive. An operator T € B(H) is V-modulated
iof the operator T(l + sz)_1 s a Hilbert-Schmadt operator for any t > 0, and

1T |limoa = sup ¢/2|T(1+1V) 7|, < oo. (5.29)
t>0

Before going on with the main result related to VV-modulated operator, let us provide
an equivalent definition. It proof involves the functional calculus of the self-adjoint
operator V.

Lemma 5.4.9. Let V € _#, be positive. An operator T € ZB(H) is V-modulated if and

only if
|TEv ([0, "), =0  vt>0, (5.30)

where By denotes the spectral measure associated with the operator V.

Proof. For fixed t > 0, observe first that for any z € R, one has 1 < 2(1 +tz)~! if and
only if z < 1/t. Since in addition 2(1+¢x)~! > 0 one infers that the following inequality
holds for functions: o179 < 2(1+1¢ - )~!. By functional calculus for V it follows that

Eyv([0,t71]) = xpag(V) <201 +¢V)
Thus, if we assume that 7" satisfies (5.29) one infers that
[T B (0.7l = 1T +2v) ) Ev (0, £7) 201+ 1v) )
<27+ av) 7, [[Bv (0,47 20 +v) )

<|lr+ev),
< HT”mod t_l/z'
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For the converse assertion, let us first assume that ||V|| < 1. Since the inequality
(5.29) is always satisfied for ¢ € (0,1) we can consider without restriction that ¢ > 1.
Let k € Ny such that ¢ € [2%, 28+1). Then by assuming (5.30) one has

17 (1 +tV)_1H < ||TEv([0,27) || + i |TEy (277, 277]) (1 + V)Y,

§=0

[P

k—1
<OV + ) 1+ Y Y TEy (277, 27))
7=0
k—1
SO +C) (1+2)T 2
7=0
k—1
\/_2 k/2
=0t ') +CZ 9G—F+1)/2 | 9-G—k+1)/2

S O( 1/2)'

Note that for the summation in the last term one can use an argument involving the
estimate fR COSh dx < 0.

For arbltrary V > 0 one can consider (1 +tV) = (1 + {t||V]|}V) with V =
which is of norm 1. The adaptation of the proof is then straightforward.

|<

=

The main result in the present context is provided in [LSZ, Thm. 11.2.3]. We can
not provide a proof of this statement without additional efforts, but let us state it and
see its role in the proof of Theorem 5.4.5. By a strictly positive operator we denote a
positive operator with empty kernel.

Theorem 5.4.10. Let V € Ly be a strictly positive operator, and let T € AB(H)
be a V-modulated operator. Let {f,} be an orthonormal basis of H ordered such that
Vfn = (V) fr for any n € N. Then we have:

(i) T € L1, and the sequence ({fn, Tf”>)neN belongs to {1 o,
(11) The map
N> Z A Z fi.Tf) € (5.31)
j=1

1s bounded.

Note that equation (5.31) should be read with the results of Chapter 2 on the usual
trace in mind. Indeed, for a trace class operator A, the sum ) (f,, Af,) gives the same
value for an arbitrary orthonormal basis of H, and by Lidskii’s theorem this sum is equal
to > _;Aj(A). In the present situation, the operator T is not trace class, and therefore

neither »; A;(T) nor >, (fy, T fn) are well-defined. However, equation (5.31) states
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that a suitable difference (depending on a parameter n) of these expressions remains
bounded for all n. One additional difference with the content of Chapter 2 is that the
basis of H is not arbitrary but is adapted to the operator V' to which the operator T is
modulated. In a vague sense it means that the chosen basis of H is made of elements
which have a certain regularity with respect to 7.

Clearly, the above result can not be applied for any Laplacian-modulated operator
since the operator (1 — A)~%? is never a compact operator. However, the trick is to
replace the Laplacian operator by the Laplacian on a bounded domain. This change
will be possible thanks to the assumption on the support of the operator T'. So, for
any m € Z% let us set e, € L%*([0,1]?) by e,(z) := e*™2 and let us denote by
— Ay the Laplacian in L*([0,1]?) with domain D(—A) := Span ({e;,},neza). Clearly,
~Ag e, = 4m*m?e,,. One major interest in this operator is that its resolvent has very
good spectral properties, more precisely one has (1 — Ag)~%2? € L - as a consequence
of Weyl law. In addition, this operator is strictly positive, and therefore satisfies the
assumptions of Theorem 5.4.10

Exercise 5.4.11. By using the Weyl asymptotic provided in the theorem on page 30 of
[Cha] show that (1 — Ag)~#% € L) . Show also that such an inclusion holds for the
Laplacian Ao for any bounded rectangular domain in R?.

In the sequel, we shall consider the functions e,, as periodic functions on R?. Clearly,
these functions are not in L?(R?), but nevertheless they are going to play an important
role.

For the next statement, recall that if 7" is a Hilbert-Schmidt operator and if {f,,}
is an orthogonal basis of H, then the summation Y ||7f,||* is finite, see Proposition
2.5.4. Clearly, the family of functions {e,,} is not suitable for such an estimate, but
once multiplied by a nice function one gets:

Lemma 5.4.12. Let T € B(H) be a Laplacian-modulated operator, and let ¢ be an
arbitrary element of the Schwartz space S(R?). Then one has

Y T(¢en)|> =0,  Vt>0.

|m|>t

The rather lengthy proof of this lemma is provided in [LSZ, Lem. 11.4.2]. It is only
based on the properties of the Schwartz functions and makes an extensive used of the
algebra L} ,(R?).

With the previous result we can show that any compactly supported Laplacian-
modulated operator is also Ajp-modulated operator. For the compactly supported op-
erator, we shall assume from now on that the support is inside [0, 1]¢. Obviously, this
is not a loss of generality since other arbitrary cubes could have been chosen, see also

Exercise 5.4.11.

Theorem 5.4.13. Let T € B(H) be a compactly supported Laplacian-modulated opera-
tor with support in [0,1]¢. Then the operator T, considered from L*([0,1]?) to L*([0,1]%)
18 Ng-modulated.
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Proof. For any m € Z% let e,, be the functions introduced above, seen either as element
of L?([0,1]?) or as continuous and periodic functions on R% Let also ¢ € S(R?Y) be
positive and such that ¢(z) = 1 for any = € [0,1]%. Since T is compactly supported,
one has T'e,, = T(¢pey,).

Now, for any ¢ > 0 and in the Hilbert space L?([0, 1]?) one has

ITEq a0, D= > Tenl?

14+472|m|2>¢2/d

< 3 TP

|m|>t1/d /27

=0t

where the last estimate is provided by Lemma 5.4.12. The statement follows now directly
from Lemma 5.4.9. O

Based on Theorem 5.4.10 let us finally provide a sketch of the proof of Theorem
5.4.5.

Proof of Theorem 5.4.5. 1) We shall assume without loss of generality that the com-
pactly supported operator T has support in [0,1]¢. As already observed, the oper-
ator V = (1 — Ag)~%? belongs to % and is strictly positive. In addition, one
has shown in Theorem 5.4.13 that T is Ag-modulated, or more precisely that T :
L%([0,1]%) — L2([0, 1]9) is V-modulated. As a consequence of Theorem 5.4.10 one infers
that T € £ (L?([0,1]7)), and then by the inclusion of L*([0,1]%) into L?(R?) that
T € 2 (L*(RY) as well. In that respect it is worth noting that the eigenvalues of
T : L*([0,1]%) — L2([0,1]%) and of T : L*(R?) — L*(R%) coincide since the subspace
L%(]0,1]9) is left invariant by T

Now, let {f,} be a rearrangement of the eigenfunctions {e,,} according to an in-
crease of |m|. More precisely for any given n € N we have f, = e, with |m,| > |m,/|
whenever n > n/. One can also observe that |m,,| = n'/¢. Then Theorem 5.4.10 implies
that

n

Z/\j(T):Z<fj,Tfj>+O(1): > (em, Tep) +O(1). (5.32)

Jj=1 |m|<nl/d
2) For the initial statement, it remains to show that for any ¢ > 0

/|€ t/Rd pr(z,&)déde — ) (ep, Tey) = O(1). (5.33)

Im|<t

For that purpose, let ¢ € S(RY) be positive and such that ¢(z) = 1 for any z € [0, 1]%.
We then have T'e,, = T(¢e,,) and [F (pe,)](z) = [FP|(x —m). It then follows from
the explicit formula (5.17) that

(em, T ey) = /Rd /Rd e2mia(§-m) pr(x,&)[F ¢](§ —m)déde.
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By taking into account that pr(z, &) = 0 if # € [0, 1]%, one gets

‘/Rn /|£|<tpT($7§)d€dx— Z(em,Tem>‘

Im|<t

o /R /[O,l]dpﬂx’ O( X @ EIE (€ — m) — oy (le])) derdg

Im|<t

Now, it has been shown in [L.SZ, Lem. 11.4.4] that the term inside the big parenthesis
can be further estimated and one gets

S M Zg](E —m) — o)) = O((t — [¢) )

[m|<t

for any ¢t > 0 and ¢ € R?, and uniformly in € [0, 1]%. It only remains then to estimate

the term
/ / Ipr(a, €)1 — €]y~ dde.
re J[0,1)d

It is again shown in the technical statement [LSZ, Lem. 11.4.5] that this term is uni-
formly bounded for ¢ > 0. By setting t = n'/¢ in (5.33) and by using (5.32) one directly
obtains the statement contained in (5.23). O



94 CHAPTER 5. TRACES OF PSEUDO-DIFFERENTIAL OPERATORS



Bibliography

[Amr] W.O. Amrein, Hilbert space methods in quantum mechanics, Fundamental Sci-
ences. EPFL Press, Lausanne; distributed by CRC Press, Boca Raton, FL, 2009.

[Ars] G. Arsu, On Schatten-von Neumann class properties of pseudodifferential opera-
tors, The Cordes-Kato method, J. Operator Theory 59, no. 1, 81-114, 2008.

[Ban| S. Banach, Theory of linear operations, North-Holland Mathematical Library, 38.
North-Holland Publishing Co., Amsterdam, 1987.

[Bri] C. Brislawn, Kernels of trace class operators, Proc. Amer. Math. Soc. 104, no. 4,
1181-1190, 1988.

[Cal] J.W. Calkin, Two-sided ideals and congruences in the ring of bounded operators
in Hilbert space, Ann. of Math. (2) 42, 839-873, 1941.

[CRSS] A.L. Carey, A. Rennie, A. Sedaev, F. Sukochev, The Dizmier trace and asymp-
totics of zeta functions, J. Funct. Anal. 249, no. 2, 253-283, 2007.

[CS1] A.L. Carey, F.A. Sukochev, Dizmier traces and some applications in non-
commutative geometry, Uspekhi Mat. Nauk 61, no. 6(372), 45-110, 2006; trans-
lation in Russian Math. Surveys 61, no. 6, 1039-1099, 2006.

[CS2] A.L. Carey, F.A. Sukochev, Measurable operators and the asymptotics of heat
kernels and zeta functions, J. Funct. Anal. 262, no. 10, 4582-4599, 2012.

[Cha] I. Chavel, Eigenvalues in Riemannian geometry, Pure and Applied Mathematics
115. Academic Press, Inc., Orlando, FL, 1984.

[Con] A. Connes, The action functional in noncommutative geometry, Comm. Math.
Phys. 117, no. 4, 673-683, 1988.

[Del] G. Dell’Antonio, Lectures on the mathematics of quantum mechanics II, Selected
topics, Atlantis Studies in Mathematical Physics: Theory and Applications 2. At-
lantis Press, Paris, 2016.

[Dix| J. Dixmier, Ezistence de traces non normales (in French), C. R. Acad. Sci. Paris
Sér. A-B 262, A1107-A1108, 1966.

95



96 BIBLIOGRAPHY

[DPSS] P.G. Dodds, B. de Pagter, E.M. Semenov, F.A. Sukochev, Symmetric function-
als and singular traces, Positivity 2, no. 1, 47-75, 1998.

[Fac] T. Fack, Sur la notion de valeur caractéristique, (in French), J. Operator Theory
7, no. 2, 307-333, 1982.

[Fan| K. Fan, Mazimum properties and inequalities for the eigenvalues of completely
continuous operators, Proc. Nat. Acad. Sci., U.S.A. 37, 760-766, 1951.

[GK] I.C. Gohberg, M.G. Krein, Introduction to the theory of linear nonselfadjoint oper-
ators, Translations of Mathematical Monographs Vol. 18, American Mathematical
Society, Providence, R.I. 1969.

[HLP] G. Hardy, J.E. Littlewood, G. Polya, Inequalities, Reprint of the 1952 edition,
Cambridge Mathematical Library. Cambridge University Press, Cambridge, 1988.

[Hor] A. Horn, On the singular values of a product of completely continuous operators,
Proc. Nat. Acad. Sci. U.S.A. 36, 374-375, 1950.

[KLPS] N. Kalton, S. Lord, D. Potapov, F. Sukochev, Traces of compact operators and
the noncommutative residue, Adv. Math. 235, 1-55, 2013.

[KSS] N.J. Kalton, A.A. Sedaev, F.A. Sukochev, Fully symmetric functionals on a
Marcinkiewicz space are Dizmier traces, Adv. Math. 226, no. 4, 3540-3549, 2011.

[Kat] T. Kato, Perturbation theory for linear operators (second edition), Classics in
mathematics, Springer, 1995.

[Les| M. Lesch, Pseudodifferential operators and regularized traces, in Motives, quantum
field theory, and pseudodifferential operators, 37-72, Clay Math. Proc. 12, Amer.
Math. Soc., Providence, RI, 2010.

[LSZ] S. Lord, F. Sukochev, D. Zanin, Singular traces, theory and applications, Studies
in mathematics 46, De Gruyter, 2013.

[Lor| G.G. Lorentz, A contribution to the theory of divergent sequences, Acta Math. 80,
167-190, 1948.

[Mal] A.S. Markus, Eigenvalues and singular values of the sum and product of linear
operators, Soviet math. Dokl. 3, 1238-1241, 1962.

[Ma2] A.S. Markus, Eigenvalues and singular values of the sum and product of linear
operators, Russian Mathematical Surveys 19, No 4, 91-120, 1964.

[MOB] A. Marshall, 1. Olkin, A. Barry, Inequalities: theory of majorization and its
applications (second edition), Springer Series in Statistics, Springer, New York,
2011.



BIBLIOGRAPHY 97

[Mur|] G.J. Murphy, C*-algebras and operator theory, Academic Press, Inc., Boston,
MA, 1990.

[Ped] G.K. Pedersen, Analysis now, Graduate Texts in Mathematics 118. Springer-
Verlag, New York, 1989.

[RS1] M. Reed, B. Simon, Methods of modern mathematical physics I: Functional ana-
lysis, Academic Press, Inc., 1972.

[RS3] M. Reed, B. Simon, Methods of modern mathematical physics III: Scattering
theory, Academic Press, Inc., 1979.

[RS4] M. Reed, B. Simon, Methods of modern mathematical physics IV: Analysis of
operators, Academic Press, Inc., 1978.

[RT] M. Ruzhansky, V. Turunen, Pseudo-differential operators and symmetries; back-
ground analysis and advanced topics, Pseudo-Differential Operators, Theory and
Applications 2. Birkhauser Verlag, Basel, 2010.

[Sak] S. Sakai, C*-algebras and W*-algebras, Ergebnisse der Mathematik und ihrer
Grenzgebiete, Band 60. Springer-Verlag, New York-Heidelberg, 1971.

[Sch] R. Schatten, Norm ideals of completely continuous operators, Ergebnisse der
Mathematik und ihrer Grenzgebiete. N. F., Heft 27 Springer-Verlag, Berlin-
Gottingen-Heidelberg, 1960.

[Shu] M.A. Shubin, Pseudodifferential operators and spectral theory, Second edition,
Springer-Verlag, Berlin, 2001.

[Sim] B. Simon, Trace ideals and their applications (second edition), Mathematical
surveys and Monographs 120, AMS, 2005.

[SU] F. Sukochev, A. Usachev, Dizmier traces and non-commutative analysis, J. Geom.
Phys. 105, 102-122, 2016.

[SUZ1] F. Sukochev, A. Usachev, D. Zanin, Generalized limits with additional invari-
ance properties and their applications to noncommutative geometry, Adv. Math.
239, 164-189, 2013.

[SUZ2| F. Sukochev, A. Usachev, D. Zanin, On the distinction between the classes of
Dizmier and Connes-Dixmier traces, Proc. Amer. Math. Soc. 141, no. 6, 2169-2179,
2013.

[SZ] F. Sukochev, D. Zanin, (-function and heat kernel formulae, J. Funct. Anal. 260,
no. 8, 24512482, 2011.

[Wey| H. Weyl, Inequalities between the two kinds of eigenvalues of a linear transfor-
mation, Proc. Nat. Acad. Sci. U.S.A. 35, 408-411, 1949.



98 BIBLIOGRAPHY

[Wod1] M. Wodzicki, Local invariants of spectral asymmetry, Invent. Math. 75, no. 1,
143-177, 1984.

[Wod2] M. Wodzicki, Noncommutative residue I, Fundamentals, in K-theory, arith-
metic and geometry (Moscow, 1984-1986), 320-399, Lecture Notes in Math., 1289,
Springer, Berlin, 1987.



